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SUMMARY  PAGE 


THE  PROBLEM 

The  problem  cooeistc  J of  obtaining  sound- transmission  data  in  the  Atlantic  Ocean  and  adfm 
cent  areas  and  cotreiating  this  information  with  meteorological  and  oceanographic  conditions.  The 
studies  made  involved  ranges  and  frequencies  of  immediate  interest  in  ec bo-ranging  and  passive- 
detection  problems  and  contributed  to  the  improvement  of  detection  techniques,  performance  pre- 
diction, and  system  development.  The  approach  to  this  problem  was  to  provide  shipboard  ia stra- 
in entrtion  snd  modification  for  acoustic  messurements  at  sea,  carry  out  me asa remeats,  analyse 
and  repots  on  results  obtained,  and  conduct  operational  and  engineering  research  aa  retired. 

FINDINGS 

Ten  joint  acoustic-oceanographic  cruises  in  the  North  Atlantic  were  completed  through  1933* 
During  tii rsc  cruises,  nearly  200  acoustic  stations  were  occupied.  All  trunsarisslon  data  have 
been  reduced  and  filed  on  1I3M  cards,  and  copies  of  stoat  nf  these  cards  have  been  famished  » 
the  N rival  Research  Laboratory  and  the  University  of  Michigan.  All  North  Atlantic  and  Mediter- 
ranean BT  observations  in  the  Woods  Hole  Oceanographic  Institution  File  through  November  1931 
have  been  reduced  to  (DM  cards  and  tabulated.  Copies  of  the  tabulations  have  been  furnished  to 
die  Woods  Hole  Oceanographic  Institution,  the  Navy  Hydrographic  Office,  and  the  Agricultural 
and  Mechanical  College  of  Texas.  The  Hydrographic  Office  has  agreed  so  keep  this  basic  file  up 
to  date.  The  transmission  data  cover  a frequency  range  from  70  cps  to  25  ke,  and  vertical  rever- 
beration measurements  cover  the  range  from  2.2  to  34  kc. 

An  analysis  of  AMOS  transmission  data  in  the  2-  to  2>-kc  fre-yrency  region.  Including  the  bot- 
tom mode  of  propagation,  has  a completed.  Contours  of  transmission  loss  have  bee*  plotted 
for  ten  frequencies  and  three  projector  depths,  for  » standard  temperature^*  F.)  and  a standard 
layer  depth  (100  ft).  Ox fc riot*  charts  have  been  plotted  for  each  frequency  lew  the  correction  re- 
quited because  of  changes  ia  layer  depth,  temperature,  and  tea  stole.  Values  far  the  absorption 
coefficient  for  various  temperatures  are  also  included.  The  AMOS  propagation  analysis  rwa  used 
toconstruct  lateral  range  curves  for  hull-mounted,  echo-ranging  sonars  at  various  frequencies  aad 
figures  of  merit  for  submarines  at  periscope  depth  and  at  the  best  depth  for  avoiding  detection. 
The  curves  also  apply  to  specific  layer  depths  and  surface  temperatures.  Such  curves  were  used 
by  CAPT  S.  D.  B.  MetTili  to  space  the  ships  of  his  screen  in  A«Dr»E»l  A subsetptent  study  of 
AsDevF.x-t  and  other  available  data  showed  that  the  predicted  aad  measured  range  performance 
compared  favorably  at  oil  fretpiencies  over  * range  of  propagation  conditions. 

A theory  has  been  developed  for  computing  acoustic  wave  field  intensities  at  all  points  In- 
cluding caustics  and  foci  by  phase  corrections  to  the  ray  theory.  Predictions  of  intensities  In 
focusing  regions  by  tfeij  method  have  been  successful. 

RECOMMENDATIONS 

As  a result  of  the  accoaspllsbssewts  of  Project  AMOS  i«  *•  reenomeadud  Oat  s to  blowing 
actions  be  taken; 

a.  Apply  AMOS  data  to  variable-depth  sonar  applications. 

b.  Deduce  snd  analyte  AMOS  deep-water  propagation  data  nt  lower  frerpeweie*. 

u Make  extensive  theoretical  computations  of  acoustic  fields. 

d.  prepare  a sonar  range  prediction  man  wti  w replace  NAVSH1PS  900,111. 
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ABSTRACT 


The  Prajec'  AMOS  work  which  was  curie ' jut  through  the  period  1 January 
1953  * 31  December  1954  is  summarized.  This  is  a final  report  of  the  AMOS  deep* 
water  acoustic  measurements  which  began  in  June  1949.  During  the  period  cos* 
ered  by  this  report,  the  Underwater  Sound  Laboratory  carried  out  a number  of 
studies  and  analyses  of  AMOS  data;  these  are  included  herein  as  Studies  A 
through  J. 

The  major  study  is  an  analysis  of  sound  transmission  at  frequencies  between 
2 and  25  he  based  on  all  the  AMOS  data  and  on  other  data  available  in  the  classh 
fied  and  nondassified  literature.  Propagation-loss  prediction  charts  based  on  this 
analysis  are  presented  as  a function  of  certain  environmental  parameters.  An  error 
study  of  the  propagation  analysis  is  presented  next.  The  AMOS  propagation  anal* 
ysis  then  is  used  to  construct  lateral  range  curves  for  hail- mounted,  echo- ranging 
sonars  at  various  frequencies  and  various  figures  of  merit  for  submarines  at  peri* 
scope  depth  and  at  die  depth  which  is  best  for  avoiding  detection.  A comparison 
is  made  of  measured  and  predicted  ranges  for  a number  of  sonar  systems.  Studies 
of  AMOS  low-frequency  nolsemaker  data  analysis,  ray  tracing  in  the  ocean,  and 
bottom  reflection  in  deep  water  are  also  presented,  and  a summary  of  Cruise 
TWELVE,  which  was  completed  early  in  this  period,  is  included. 
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ADMINISTRATIVE  INFORMATION 

A hydrographic  survey  of  vital  sea  lines  was  established  in  October  194  by 
the  Chief  of  Naval  Operations.  Authority  for  the  survey  was  contained  In  CNO 
letter  ser.  00159P31,  19  October  1948  (SECRET).  The  following  month  the  Chief 
of  Naval  Operations,  in  CNO  letter  ser.  0303P414,  16  November  1948  (CONFI* 
DENTIAL),  requested  the  Bureau  of  Ships  to  initiate  a program  of  acoustic  mean* 
urements  as  a part  of  the  hydrographic  survey.  In  April  1949  the  Underwater 
Sound  Laboratory  was  directed  to  conduct  sound  transmission  studies  on  board 
the  hydrographic  survey  vessels  A VP*  30  and  A VP*  50  and  to  correlate  the  data 
obtained  with  ocennographic  data  concurrently  taken.  This  assignment  was  made 
in  BuShips  letter  ser.  241(9424),  25  April  1949  (UNCLASSIFIED).  Shortly  there* 
kJtei'.j  the  unclassified  code  name  "AMOS”  was  assigned  to  the  Acoustical,  Mete* 
orological,  and  Oceanographic  Survey  program  by  authority  of  CN9  letter  ser. 
02J9P31,  26  May  1949  (CONFIDENTIAL  . 

The  Nevy  index  number  for  this  program  is  NE*  120221*9,  and  the  Operational 
Requirement  number  is  10-15401.  The  work  conducted  by  the  Underwater  Sound 
Laboratory  was  done  under  USL  problem  number  D1A1.  The  measurements  phase 
of  the  AMOS  program  has  been  completed;  the  analysis  phase  Is  continuing. 
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REPORT  ON  THE  STATUS  OF  PROJECT  AMOS 
(Acoustic,  Meteorological,  and  Oceanographic  Survey) 
(1  January  1953  - 31  December  1954) 


INTRODUCTION 


project  AMOS  (Acoustic,  Meteorological,  and 
Oceanographic  Survey)  was  established  in  order  to 
permit  the  collection  of  acoustic  propagation  data 
and  the  simultaneous  observation  of  meteorological 
and  oceanographic  (actors  of  significance  to  sonar 
performance  in  the  vital  sea  lanes  of  the  Atlantic 
Ocean  during  all  seasons  cf  the  year.  The  informa- 
tion obtained  was  designed  to  cover  both  current 
andpj&nned  echo-ranging  and  listening  frequencies. 

The  major  objectives  of  Project  AMOS  have 
been  achieved  in  one  form  or  another.  It  is  planned 
to  make  continued  use  of  the  Project  AMOS  prop- 
agation-loss data  and  environmental  statistics  for 
operational  studies  as  indicated.  The  \MOS  objec- 
tives ere  the  loll  owing: 

a.  The  preparation  of  a set  ofprediction  charts 
for  operational  planning  purposes.  Such  charts  rep- 
resent the  sonar  situation  on  a probability  basis 
for  each  area  of  interest  and  for  each  month  of  the 
year.  Various  setsof  charts  corre sponding  to  equip- 
ment categories,  such  as  surface-ship-mounted 
echo-ranging  sonar,  variable-depth  echo-ranging 
sonar,  or  submarine-in  stalled  low-frequency"  pas- 
sive sonar,  may  be  prepared.  From  these  charts,  it 
will  be  possible  to  determine  not  only  the  proba- 
bility of  achieving  a particular  detection  range  on 
a submarine  by  echo-ranging  or  listening  but  also 
the  probable  range  of  detection  of  a convoy  by  an 
enemy  submarine. 

b.  The  compilation  of  a se  of  detailed  predic- 
tion charts  for  tactical  employment,  based  upon 
the  propagation  loss  and  figure  of  merit  for  partic- 
ular sonar  equipments  in  relation  to  the  prevailing 
oceanographic  conditions.  These  charts  will  be 
used  for  day-to  day  operations,  for  convoy  screen 
spacing,  and  for  similar  applications. 


c.  The  formulation  of  a set  of  design  charts 
which  will  make  possible  intelligent  design  oi 
sonar  equipment  to  meet  specified  operational  re- 
quirements. 

The  participants  in  the  AMOS  program  were  the 
U.  S.  Navy  Hydrographic  Office  and  the  U.  S.  Navy 
Underwater  Sound  Laboratory.  Jointly  they  were 
responsible  for  acquiring  simultaneous  acoustic 
and  environmental  data..  The  Underwater  Sound 
Laboratory  was  tesponsible  for  the  design,  instal- 
lation, and  operation  of  acoustic  equipment,  while 
the  Hydrographic  Office  carried  out  the  design,  in- 
stallation, and  operation  of  oceanographic  and  me- 
teorological equipment.  These  agencies  were  also 
jointly  responsible  for  the  development  of  methods 
and  techniques  for  field  utilization  and  lor  presen- 
tation of  the  acoustic-oceanographic  data  to  the 
Forces  Afloat.  This  responsibility  involved  the 
preparation  and  publication  of  material  which  pro- 
vides procedures  for  converting  equipment  charac- 
teristics and  local  environmental  conditions  into 
operationally  and  tactically  usable  ferms. 

In  addition  to  acquiring  acoustic  data,  the  Lab- 
oratory undertook  the  analysis  and  correlation  of 
simultaneously  observed  acoustic  and  environmen- 
tal data  for  operational  purposes.  The  Hydro- 
graphic Office  was  responsible  for  the  acquisition 
and  analysis  of  extensive  environmental  data  for 
operational  purposes  and  for  the  publication  of 
operational  sonar  charts.  It  also  was  responsible 
for  the  preliminary  planning  of  AMOS  cruises, 
handled  such  matters  as  itineraries,  project  coor- 
dination, time  and  space  allotments,  personnel  as- 
signments, proposed  shipyard  installation  of  sci- 
entific equipment,  and  the  preparation  of  technical 
instructions,  and  initiated  "working- level”  con- 
ferences with  the  agencies  and  vessels  involved. 


SUMMARY  OF  ACCOMPLISHMENTS  OF  PROJECT  AMOS 

This  report  is  a find  report  of  the  AMOS  acous-  Underwater  Sound  Laboratory  is  now  undertaking 

tic-environmental  correlations  in  deep  water.  The  an  extensive  program  of  shallow-water  propagation 
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measurements. 1 A summary  ofthe  accomplishments 
of  Project  AMOS  at  the  Underwater  Sound  Labora- 
tory i*  now  included. 

Since  the  inception  of  the  AMOS  program,  a 
sizable  amount  of  acoustic  propagation  data  has 
been  accumulated  for  the  North  Atlantic  Ocean  for 
« wide  range  of  acoustic  frequencies  and  environ- 
mental conditions.  The  map  in  Fig.  1 shows  the 
ten  joint  oceanographic  and  acoustic  stations  for 
which  propagation-loss  .data  have  been  obtained 
up  through  Cruise  TWELVE.  The  AMOS  cruises  in 
which  the  Laboratory  participated  are  listed  below: 


AMOS  Cruises 

AMOS 

Acoustic 

Cruise 

Cruise  Date 

Stations 

Number 

Occupied 

TWO 

June  1949 

6 

THREE 

July-Septembet  1949 

29 

FOUR 

Octobcr’Dccembct  1949 

17 

FIVE 

FebrusryMsy  1950 

25 

SEVEN 

November-Deeember  1950 

7 

EIGHT 

February- April  1951 

30 

NINE 

June- September  1951 

20 

TEN 

fanuary-Aprll  1952 

lb 

ELEVEN 

June-September  1952 

20 

TWELVE 

February- April  1953 

20 

192 

The  propagation-loss  data  obtained  on  these 
cruises  were  punched  on  IBM  cards  as  indicated 
below.  Finally  a set  of  26,672  IBM  cards  was  pre- 
pare.' for  all  AMOS  cruises  with  fc  ir- frequency 
(2.2,  i,  16,  and  25  he)  propagation-loss  data  at 
standard  projector  depths,  receiver  depths,  and 
ranges.  Copies  of  most  of  these  cards  have  been 
furnished  to  the  Naval  Research  Laboratory  and 
the  University  of  Michigan.  Available  transmission 
data  cover  a frequency  range  of  from  70  cps  to  25 
Ice,  and  vertical  reverberation  measurements  cover 
the  range  from  2.2  to  34  kc.  A list  of  propagation- 
run  station  positions  is  given  in  Tables  1A  and  IB 
for  both  high-frequency  and  low-frequcncy  runs. 

All  North  Atlantic  and  Mediterranean  £>T  ob- 
servations in  the  Woods  Hole  Oceanographic  Insti- 
tution File  through  Novemfc.r  1951  have  been  re- 

IThe  present  status  of  the  shsllow-water  measure- 
ments program  is  covered  in  USL  Report  No.  260,  Quar* 
terly  Report,  1 July  • 30  September  1954  (CONFIDEN- 
TIAL). 

2 


duced  to  IBM  cards  and  tabulated. 2 Opies  of  the 
tabulations  hove  been  furnished  to  the  Woods  Hole 
Oceanographic  Institution,  the  Navy  Hydrographic 
Office,  and  the  Agricultural  and  Mechanical  Col- 
lege of  Texas.  There  are  131, i>00  pairs  of  cards  in 
the  North  Atlantic  File  and  14,550  pairs  of  cards 
in  the  Mediterranean  Tile.  This  set  of  environ- 
mental data  cords  has  proved  to  be  quite  important 
in  a number  of  applications.  The  cards  have  been 
sepai ated  into  various  geographical  areas,  and  sta- 
tistical compilations  ol  import  ant  factors  have  been 
made.  The  Hydrographic  Office  has  agreed  to  keep 
this  basic  file  up  to  date  and  recently  shipped 
48,000  cards  to  the  Laboratory. 

Acoustic  propagation  and  associated  environ- 
mental data  obtained  from  AMOS  cruises  are  in- 
ventoried below. 


AMOS  Acousiic  Cards  AMOS  BT  Card  Fite 


(Card  Layout  Form,  Fl*.  7,  (Card  Layout  Form,  FI*.  8, 
USL  Report  No.  147)  USL  Report  No.  147) 


Cruise 

No.  of  Cards 

Ctui.e 

No.  of  Cards 

2 

750] 

21.  25,  29  !<c 

2 

50 

3 

4.750  j 

3 

250 

5 

3,000 

5 

350 

7 

500 

8,  lb.  25  kc 

7 

50 

8 

15,000 

8 

400 

9 

13.050 

9 

400 

10 

16.000 

2.2,8,16,25  kc 

\0 

450 

n 

22,000 

1! 

550 

12 

12,500 

12 

250 

Total 

88,050 

2,750 

Hydrographic  Office  AMOS  Cruise  Oceanographic  Station  File 
(Data  for  nil  cruises  have  been  received  In  listing  form.) 
(Card  Layout  Forms,  FJgs.  14-15,  USL  Report  No.  147) 


Ctuise 

No,  of  Caids 

1 

5100 

2 

650 

3 

2700 

4 

2*00 

5 

2250 

2 The  HIM  cards  used  for  this  purpose  arc  shown  la 
Fig.  1 of  USL  Report  \0.  147,  Report  on  the  Status  of 
Project  AMOS  (20  Ap  J - 31  December  1951),  by  H.  W. 
Marsh,  Jr.,  and  M.  Schulkin,  19  Febtusry  1952  (CONFI- 
DENTIAL). 
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Tnble  1 

PROJECT  AMOS  PROP/*  .rtTION  RUN  STATIONS  IN  DEEP  WATER 
A-  Kl>h  Ffc  |Ut  cv  U.2,  8.  16,  23  <21,  29)  kc] 


Latitude 


Longitude 


1 

18  VI 

49 

39°42'N 

2 

19  VI 

49 

38°I7'N 

3 

19  VI 

49 

36°53’N 

4 

22  VI 

& 

36°53"N 

3 

22  VI 

49 

36°53'N 

7 

26  VI 

49 

43°12*N 

3 

16  VII 

49 

30°J3’N 

6 

17  VII 

49 

30°13.3’N 

9 

18  VII 

49 

30°33’N 

12 

20  VII 

49 

30°51.3‘N 

15 

21  VII 

49 

31°07*N 

18 

22  VII 

49 

31°24*N 

21 

23  VII 

49 

Jl°37.  l’N 

24 

23  VII 

49 

31°57.5'N 

27 

26  VII 

49 

32°13.4*N 

32 

28  vn 

49 

34°24.2*N 

36 

31  VII 

49 

36°05.0'N 

39 

1 VIII  49 

38°23’N 

42 

8 VIH  49 

40°49.5'N 

45 

U>  VIII  49 

44°)d.5*N 

48 

11  VIII  49 

46°44*N 

50 

12  VIII  49 

47°49*N 

34 

19  VIII  49 

51°1I’N 

57 

20  VIH  49 

32°06.8’N 

60 

21  VIII  49 

53°04.6’N 

<3 

22  VIII  49 

33°52’N 

66 

23  VIII  49 

50°43.2’N 

69 

25  VIII  49 

47°19.5'N 

72 

26  VIII  49 

43°45.5’N 

73 

29  VIH  49 

39°10’N 

78 

2 IX 

49 

37°1L8’N 

81 

3 IX 

•19 

36°3L8'N 

84 

5 IX 

49 

36°14,5’N 

87 

6 IX 

49 

34°43.6'N 

90 

7 IX 

49 

35°06.8’N 

I 

13  II 

50 

34°4 1.8’N 

2 

18  II 

50 

26°12.PN 

3 

22  II 

30 

16°33.0’N 

4 

23  II 

50 

12°16.0'N 

3 

28  II 

50 

I1°28.0*N 

6 

1 III 

50 

16°19.3'N 

7 

3 in 

50 

21°16.2’N 

8 

3 in 

30 

26°20.1’N 

9 

6 in 

50 

31°18.0'N 

10 

8 in 

50 

36°15.3’N 

11 

10  ill 

50 

4.°16.5,N 

12 

i<  in 

50 

41°53.  PN 

13 

17  in 

50 

38°53.5'N 

Hydrographic 
Statluo  No. 


70*34‘W 

1340 

69°25’W 

1900 

«8°I7*W 

2330 

6Z°05'W 

2500 

53°55'W 

2800 

60°00*W 

890 

59°56*W 

2800 

54°28'W 

2960 

48°53‘W 

2620 

43°17.5’W 

1720 

37°42*W 

1850 

32°04.8*W 

2400 

26°30.2*W 

2823 

20°49.0’W 

2600 

!5a26.0,W 

2340 

7°35. PW 

710 

9°43.  PW 

2170 

10°25.3*W 

2650 

13°49.5*W 

2800 

16°1L5’W 

2400 

12?54*W 

2250 

I0°18Tr 

2095 

14°33. 1W 

350 

20°2PW 

2040 

26°16.8*W 

1900 

31°54*W 

1440 

31°13’W 

1830 

30°26.5’W 

,J30 

29°09'W 

1600 

27°43’W 

643 

32°04.9'W 

1200 

38°31.2'W 

1730 

44°50.PW 

2500 

51°26.6'W 

239© 

38°03.5'f 

2480 

70°00.6’W 

- 

69°08.0’W 

- 

66°33.  PW 

2350 

62°50,0’W 

1600 

59° 19.8'W 

1010 

59°28.2*W 

2950 

57°34.  l'W 

2770 

57°08.  l’W 

3000 

56°28.2‘W 

2965 

55°56.5'W 

2850 

55°08.5‘W 

2850 

50°03.9*W 

2000 

44°28.0’W 

2775 

(Continued) 
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In  addition,  nil  the  wartime  icoustic  and  envi- 
twiMnid  record*  of  the  University  of  California 
Division  of  War  Research  have  been  transcribed  on 
IBM  cards.  The  shallow-water  propagation  surveys 
node  in  Fishers  Island  Sound  by  the  Columbia  Uni* 
versify  Division  of  War  Research  sad  file  East 
Coast  and  Gulf  of  Mexico  propaga- 

tion surveys  carried  out  fcy  WrtfK  Cisvr  beea  »r or* 
scribed  to  punched-cnd  form.  An  Iavi'  vora  of  these 
prop eg  uis  ;<  mid  cu»1;-:«nc  <*«**.,  data  iu  the  Ls«v* 
lory's  iBM  puackd-erri  flint  is  presented  be  lory. 


t/CDWR  Acoustic  Dana 

(Card  l.syeui  Fotn*.  Pigs,  9-12,  USA  Repot*  No.  It/) 

No.  at  Catda 


Lou  F.eyurncy: 

ea  |»  6,  16,  7.5,  ant  2L5  lie 

filth  Fmgucscy: 

10,  14,  20,  40,  56,  an i 60  kc 
km  pilanl'r  .14  kc 


Acoustic 

1(6 1 

436 

Acoustic 

4(1! 

Esvltunsteutsl 

IW1 

7950 


Flabcra  Islaad  Sound  and  Block  Inland  Sound  SksllowWsier  Dnta 
(Columbia  Unlvcraiiy  OUialoa  of  Vat  Rear  arch) 

H maker 

Earlromucaial  Card*  W 

Aeouarlc  Data  Carda  IM 


Woods  Hate  Ocesnegrsykic  bnlniiaa 
Sba.Mow-rslct  Acnjailc  Data 


Nutsbtr 

estb^kttaaograpk  Crrd* 

86} 

EuvItunsKOtal  Cult 

306 

Acoustic  C«d« 

500 

During  the  year  195  lt  a set  of  QHBa  perform- 
arce  charts  was  prepared.  Included  in  tins  set 
were  monthly  tables  and  charts  of  expeceed  sweep 
width  for  QHBa- equipped  surface  vessels  for  four 
operational  submarine-depth  intervals.  Such  stra- 
tegic charts  may  be  used  in  comparing  convoy 
routes  from  the  point  of  view  of  sonar  protection 
and  also  for  submarine  operations.*  This  informa- 
tion was  transmitted  to  At  Hydrographic  Office 
for  publication  and  dissemination. 4 

6 Sample  charts  may  be  found  is  IJ9.  Report  No. 
147  (CONFIDENTIAL). 

4 See  USL  letter  to  the  Hydrographic  Office,  "Status 
of  Project  AMOS,"  set.  U 10-0  36,  I November  1951 
(GONFlbFNllAL). 


In  preparing  these  charts  it  was  necessary  to 
establish  a Qt!Ba  figure-of-merat  otasmatmi 
program,  which  extended  well  into  the  year  1952.* 
As  e remit,  the  iigures  of  merit  of  Z7  destroyer- 
type  ships  of  the  Fleet  were  obtained  under  vari- 
ous environrecrtal  and  ship  operating  conditions. 
Approximately  200  sonarmen  participated  in  these 
operations,  (k  addition  to  the  data  required  for  the 
si  ategic  opera:  lor  cl  charts,  many  other  important 
ref;uk*  w-  re  xjhrisicd  frem  tips  figure-of-merit  pm- 
grtor.  f-ignli'IcAn*  i..i-/sv.-,&e*  factors  were  uncovered, 
the  importance  ot  f cleat  *>.«*«  done  wao  rupho- 
tized,  and  the  importance  of  a more  rapid  audio- 
beam  search  than  that  prescribed  by  QHBa  doc- 
trine was  established. 

An  snalysis  was  also  made  of  the  propagatloa 
data  with  respect  to  variable-depth  soon*  applica- 
tions.5 Project  AMOS  data  were  applied  to  the 
problem  of  deteicrining  the  optimum  depth  for  vari- 
able depth  sonar  and  the  gains  to  be  expected  for 
a system  operating  at  this  depth. 

Another  study  carried  out  in  the  year  1952  con- 
cerned the  expected  operational  performance  of  echo- 
ranging  sonars  at  5 he  and  10  kc.7  In  this  work, 
aimed  at  efficient  system  design,  Project  AMOS 
propagation-loss  data  at  acoustic  frequencies  of 
2.2,  8,  16,  21,  25,  -vd  29  kc  were  analyzed  as  a 
function  of  range  end  operational  submarine-depth 
intervals  for  various  DT  AMOS  code  classes.  A 
study  was  el  so  made  of  the  expected  propagation- 
loss  anomaly,  at  various  rvuges,  arising  from  bot- 
tom-reflection acoustic  paths  fa  deep  water.  These 
propagation  data  were  applied  to  monthly  environ- 
mental statistics  for  the  North  Atlantic  Ocean  ores 
between  30°  N and  40°  N in  older  to  obtain  the  ex- 
pected median  range  for  four  equipment  figures  of 
merit  ( 140,  150,  10,  and  170  db)  for  5-kc  end  10- 
lcc,  hull-mounted,  echo-ranging  sonar  systems.  In 
the  present  report,  a modified  version  of  this  study 
has  been  prepared  for  systems  at  8 and  14  kc.* 


6 This  program  is  described  by  It  Schulkia,  P.  & 
White,  Jr.,  and  R.  A.  3poag  in  QHB*  Ptgsra-o^lUffl 
Testa.  UHL  Report  No,  187.  3 April  19/3  'C/JNFJOKs* 
Y1AL). 

( See  Appendix  A of  import  c*  it*'  oj  Project 

AMOS  (1  Jmmt/ry  • 31  trcunlw  J9S2,K  by  ft.  W.  UnA, 
Jr.,  nad  hi.  Scbulktu,  USL  Report  N'/,  iCT  3 April  1933 
(CONFIDENTIAL) 

> See  USL  Report  No.  'M  (CONFIDENTIAL',  Ap- 
peadis  P. 

• See  Study  F. 
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Bottom-reflection  paths  at  these  frequencies  have 
Wtn  found  l?  be  ism  important  than  reported  ear- 
lier. 

Also  in  connection  with  this  program  a study 
concerned  with  the  temperature  dependence  of  at- 
tenuation was  prepared.*  The  study  of  Project 
AMOS  propagation  measurements  made  in  isothermal 
water  shows  that  the  temperature  of  the  water  has 
an  important  effect  upon  the  propagation  loss,  the 
loss  Seing  greater  in  colder  water. 

In  vfditicMi,  propagation  loss  in  isothermal  lay- 
ers depends  slightly,  hue  consistently,  upon  pro- 
jector and  receiver  depths.  Data  which  showed  the 
distribution  of  propagation  loss  at  frequencies  from 

2 to  2?  kc,  ut  ranges  from  1 to  33  kyd,  at  projector 
and  receiver  depths  from  20  to  500  ft,  and  at  water 
temperatures  from  35°  F.  to  70°  F.  were  presented. 
The  probable  error  under  prescribed  conditions  was 

3 db.  The  temperature  effect  is  in  good  agreement 
with  » model  exhibiting  a single  relaxation  proc- 
ess. 10  Also,  a wave  theoretical  treatment  of  the 
propagation  problem  shows  that  certain  features  of 
the  observed  depth  dependence  are  explicable. 

Analyses  of  low-frequency  noisemaker  runs 
mode  on  certain  of  the  AMOS  cruises  were  also 
carried  out.11  The  purpose  of  these  runs  was  to 
determine  attenuation  values  for  propagation  of  low* 
frequency  ( 100  to  10,000  cps)  sound  under  various 
oceanographic  conditions.  Topics  of  interest  in- 
clude propagation  in  surface  channels,  channeling 
of  sound  between  the  ocean  surface  and  bottom, 
distances  between  focus  points  at  various  latitudes, 
and  modification  or  design  of  equipment  for  better 
production  and  reception  of  low-frequency  sound 
in  the  ocean. 

The  broad-band  magnetic-tope  records  of  low- 
frequency  noisemskers  are  being  processed  with 
automatic  equipment,  The  end  product  is  a set  of 
IBM  punched  catds,  at  approximately  250-yard  in- 
tervals, which  contain  >:he  measured  level  in  ten 
frequency  bands  from  approximately  200  cps  to 
10,000  cps;  the  actual  frequencies  depend  on  the 
source  used.  These  .runs  can  extend  out  to  about 
80  kyd,  and  background  noise  levels  are  entered 


• See  USL  Report  No.  188  (CONFIDENTIAL),  Ap- 
pendix C 

>0  A formula  for  the  temperature  effect  on  abrorptiotr 
including  relaxation  -ad  viscous  terms  is  preseated  in 
■Study  A of  this  repo:*. 

> I See  Studies  1 nod  / i)f  this  report. 


periodically  in  place  of  the  noisemaker  levels. 
Level-versus-range  plots  have  been  made  for  the 
card  data  by  means  of  the  automatic  plotting  ut- 
chine.  Range  values  were  obtained  from  range- 
vorsua-travel  time  curves  drawn  from  the  bomb-drop 
data.  Sound-velocity-vcrsus-depth  plots  were  com- 
pleted for  all  deep  Nansen  cast  data  of  Cruiae 
TWELVE,  and  some  ray  computations  were  made 
therefrom. 11 

From  the  level-versus-range  plots,  levels  have 
been  read  and  tabulated  for  0.25*  kyd  increments 
from  1 to  2 kyd.  0. 5-kyd  increments  from  2.0  to  5.0 
kyd,  1-kyd  increments  from  5 co  10  kyd,  2. 5-kyd 
increments  from  1J  to  20  kyd,  sad  5-kyd  increments 
f tom  20  kyd  to  the  conclusion  of  rhe  nan.  In  the 
focus  region,  readings  are  tabulated  at  0.2?  kyd 
range  increments. 

Source  levels  for  the  two  sources  have  been 
determined  by  assuming  spherical  spreading  to  1000 
yd  tor  each  station  and  extrapolating  the  value  at 
1000  yd  back  U.  1 yd.  An  average  value  for  each 
frequency  band  was  then  computed  from  the  es> 
trapolated  values. 

Plots  of  measured  level  plus  computed  spread- 
ing and  absorption  loss  have  been  made  against 
the  grazing  angle  a:  the  ocean  bottom  for  frequen- 
cies of  1,  2,  and  8kc  for  those  stations  for  which 
a reasonable  estimate  of  the  ranges  at  which  bot- 
tom reflection  paths  predominate  could  be  made. 

An  analysis  of  AMOS  transmission  data  in  the 
2*  to  25*kc  frequency  region,  including  propagation 
by  way  of  the  bottom,  has  been  completed. 13  It  is 
believed  that,  for  the  most  part,  propagation  at 
these  frequencies  in  deep  water  is  fairly  well 
understood  in  terms  of  environmental  factors.  In 
another  report, 1 4 contours  of  transmission  losa 
have  been  plotted  for  ten  frequencies  and  three 
projector  ckpths,  for  a standard  temperature 
(50°  F.)  and  a standard  layer  depth  (100  ft).  Cor- 
rection charts  have  beenplottedfor  each  frequency 
for  the  correction  required  because  of  changes  in 
layer  depth,  temperature,  and  sea  state.  Values  for 
the  absorption  coefficient  as  a function  of  fre- 
quency and  temperature  arc  also  included.  These 
data  have  been  used  and  will  continue  to  oe  used 
in  the  future,  in  the  frequency  range  covered,  for 

IlFor  (he  ray  methods  used,  see  Studies  H and  ] of 
this  report. 

* 3 See  Study  A, 

H See  Study  B. 
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Fig.  2*  Transmission  L«n  vi.  Rang*  for  Standard 
Condition* 

operational  applications  involving  echo- ranging, 
variable-depth  sonar,  and  passive  submarine  sonar. 
It  is  important  to  have  a standard  reference  of 
transmission  loss  related  to  range  and  frequency. 
Figures  2 and  3,  applying  to  specific  environ- 
mental conditions  which  ate  typical  of  those  oc- 
curring naturally,  are  recommended  for  this  pur- 
pose. 

The  AMOS  propagation  results  were  used  to 
construct  lateral  range  curve*  for  hull-mounted, 
echo-ranging  sonars  at  various  frequencies  and 
figures  of  merit  for  submarine*  at  periscope  depth 
and  at  the  best  depth  for  avoiding  detection.  ** 
The  curve*  apply  to  specific  layer  depths  and  sur- 
face temperatures.  Such  carves  were  used  by  CAPT 
S.  D.  B.  Merrill  to  space  the  ships  of  his  screen 
in  AsDevEx-I.  A subsequent  study  of  AsDevEs-l 
and  other  available  data  showed  that  predicted  and 


»*  See  Study  E. 


Fig.  3 • Transmission  Less  vs.  Frequency  for  Standard 
Conditions 

measured  range  performance  compared  favorably 
at  all  frequencies  over  a range  of  propagation  con- 
ditions. *• 

As  a result  of  its  experience,  the  Laboratory 
has  been  assigned  the  problem  of  preparing  a sonar 
range  prediction  manual  to  replace  the  existing 
manual.  Sonar  Prediction  with  the  Batlythermo- 
gr+b  (NAVSWPS  900,111,  1 October  1947,  CON- 
FIDENTIAL). The  Laboratory  also  plans  to  use 
its  propagation  information  in  the  analysis  of  op- 
erational submarine  array  sonar  contact  reports. 
All  such  reports  received  to  date  have  been  key- 
punched, checked,  and  listed.  Listings  have  been 
distributed  to  OmSubPac,,  GomSubLant,  SubDev- 
GrrfTVD,  nod  Bureau  of  Ships. 


16  See  Study  F.  This  study  was  delivered  as  o paper 
st  the  Niatb  Navy  Symposium  es  Underwater  Acoustics, 
17  June  1954,  st  die  Naval  Research  Laboratory,  Wash- 
ington, D.  C 


PROPAGATION  ANALYSIS  AND  SONAR  RANGE  PREDICTIONS 


The  nine  studies  appended  to  this  report  re- 
present work  done  on  Project  AMOS  during  the 
years  1953*54  in  the  fields  of  propagation  analysis 
and  sonar  range  predictions.  Project  AMOScollected 


large  quantities  of  propagation-loss  dsta  on  cm 
tensive  cruises  to  all  parts  of  the  North  Atlantic 
in  all  seasons  la  order  to  extend  our  knowledge  of 
propagation,  both  with  reject  to  acoustic  fre- 
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quency  ami  depth  of  endpoint  positions  of  the  prop- 
agation path.  As  each  ctulse  was  completed,  the 
data  were  examined  and  analysed  in  the  light  of 
previous  cruise  results,  existing  knowledge,  and 
contemporary  research  by  other  working  groups.17 

The  final  analysis,  as  given  in  Study  A,  was 
considered  tc  be  consistent  with  information  then 
available.  The  propagation-loss  data  obtained  from 
AMOS  cruises  at  discrete  frequencies  of  2.2,  8,  16, 
and  25  kc  were  analyzed  and  interpreted  according 
to  a definite  model.  Equations  of  propagation  loss 
were  obtained  for  the  model  and  fitted  with  semi- 
empirical  coefficients. 

The  steps  used  to  arrive  et  this  Model  con- 
sisted of  (1)  finding  the  important  acoustic-  occa- 
nogr<q>hic  variables, (2)  studying  acoustic  patterns 
in  situations  when  one  of  these  variables  domi- 
nated, and  (3)  making  the  simplest  assumptions  re- 
garding the  acoustic  interrelation  of  these  varia- 
bles and  adding  complications  only  when  the 
exigency  of  incorporating  a large  body  of  data  into 
the  model  so  required. 

The  model  was  constructed  from  several  modes 
of  propagation,  each  of  which  became  important 
under  certain  conditions  of  the  wide  range  of  g top 


Same  of  the  reports  and  article*  consulted  during 
the  propagation  analysis  were:  "Transmission,”  Parti, 
Physics  of  Sound  in  lbs  Sea.  Summary  Technical  Re- 
port of  Division  6,  NDRC,  voi.  6,  1946  (UNCLASSI- 
FIED); Principles  and  Applications  of  Underwater 
Sound,  Summary  Technical  Report  of  Division  6,  NDRC, 
vol.  7,  1946  (RESTRICTED);  Sooat  Data  Division, 
UCDWR,  "The  Influence  of  Thermal  Conditions  on  the 
Transmission  of  24-kc  Sound,"  UCDWR  U307,  16  March 
1945  (CONFIDENTIAL);  R.  J.  Urfck,  "Sound  Transmit 
aioa  Measurements  at  8 and  16  kc  in  Caribbean  Waters, 
Spring  1949,"  NRL  Report  3556,  11  November  1949 
(CONFIDENTIAL);  R.  J.  Urlck,  "Sound  Transmission 
Measurements  in  the  Lon g-Hl and- Bermuda  Regioa," 
NRL  Report  3630,  6 September  1950  (CONFIDENTIAL); 
R.  J.  Urlck,  "Sound  Transmission  to  Long  Ranges  in 
the  Ocean,"  NRL  Report  3729,  6 September  1950  (CON- 
FIDENTIAL); H.  R.  Baker,  A.  G.  Pieper,  and  C.  W. 
Searfoss,  "Measurements  of  Sound  Transmission  Loss 
at  Low  Frequencies  1.5  to  5 kc,"  NRL  Report  4225, 
23  September  1953  (CONFIDENTIAL);  W.  C.  Meecham, 
W.  H.  Kelly,  J.  R.  Frederick,  "An  Investigation  of  the 
Sound  Transmission  Loss  in  and  below  an  Isothermal 
Layer,"  Technical  Report  Project  M936,  7 July  1953, 
Engineering  Research  Institute  University  of  Michigan 
(CONFIDENTIAL);  and  j.  R.  Frederick,  J.  C.  Johnson, 
W.  H.  Kelly,  "An  Analysis  of  Underwater  Sound  Trans- 
mission Data,"  Interim  ; chnical  Report,  Project 
M936,  April  1954  (No.  1936-1- 15,  Engineering  Research 
Insdtatc,  Uaiveraity  of  Michigan  (CONFIDENTIAL). 


raphy  and  season  covered  by  the  AMOS  cruises. 
While  other  observed  effects  could  be  included 
readily,  it  was  found  that  these  occurred  in  an  ex- 
treme way  only  in  certain  localities.  It  was  felt 
that  to  introduce  other  parameters  in  order  to  trite 
these  into  account  would  unduly  complicate  the 
analysis  and  would  not  improve  the  prediction  ca- 
pabilities for  most  of  the  localities  and  seasons. 
In  particular,  the  magnitude  of  the  thermociine 
gradient  was  an  important  variable  of  this  type. 
The  propagation  data  for  all  thermociine  gradients 
were  grouped  in  one  class.  In  addition,  the  prop- 
agation data  for  nil  temperature  gradients  more 
positive  than  -0.3°  F./100  ft  were  considered  in 
the  mixed-layer  class.  It  is  recognized  that  these 
assumptions  mutt  be  modified  for  wockir  particular 
localities. 

The  important  oceanographic-acoustic  varia- 
bles for  the  frequencies  under  study  were  found  to 
be  isothermal  layer  depth,  temperature,  and  sea 
state.  The  temperature  effect  was  best  studied  in 
the  situation  where  a constant  temperature  pre- 
vailed to  very  great  depths.  Under  such  conditions, 
it  was  found  that  the  acoustic  field  was  generally 
constant  with  depth  at  a fixed  range  out  to  ranges 
of  the  order  of  24  kyd,  the  limiting  range  of  the  ex- 
perimental measurements.  In  such  circumstances, 
the  attenuation  constants  were  computed  and  plotted 
against  temperature  for  the  four  frequencies.  These 
data  were  then  considered  with  respect  to  existing 
data  of  the  same  kind  and  to  other  laboratory  meas- 
urements. The  parameters  of  a theoretical  expres- 
sion involving  the  sum  of  a viscous  contribution 
and  n relaxation  phenomenon  contribution  were 
then  determined.  Formula  17)  of  Study  A represents 
the  resulting  expression.  Figures  M)  and  11  of  Study 
B and  Fig.  3 of  Study  A ore  graphs  based  on  this 
formula.  It  should  be  noted  that  the  final  value  of 
the  relaxation  coefficient  is  less  than  the  value 
0.76  presented  in  an  earlier  work. 11 

The  next  variable  studied  was  Isothermal  layer 
depth.  In  shallower  layers  than  those  considered 
in  the  previous  paragraph,  there  is  a residual  atten- 
uation loss  which  depends  on  layer  depth,  range, 
frequency,  receiver  and  projector  depth,  and  sen 
stste.  h was  quite  obvious  from  the  data  that,  at  a 
fixed  range  and  projector  and  receiver  depth,  the 
residual  attenuation  increased  tbe  higher  the  sea 
state,  tbe  higher  the  fretprency,  and  the  shallower 
the  layer  depth. 

it  See  Appendix  C,  USL  Report  No.  188. 


Thus,  some  kind  of  scattering  phenomenon 
which  depended  directly  on  sea  state,  Mid  inversely 
on  volume,  since  a greater  loss  was  observed  for 
shallower  layers,  seemed  to.be  operative.  This 
could  be  explained  most  easily  on  the  basis  of  a 
surface  scattering  phenomenon.  A possible  mech> 
anism  for  volume  scattering  could  be  visualized 
whereby  sea  state  somehow  introduced  volume 
scattering  elements  so  that  shallower  layers  had 
more  intense  scattering  centers.  Assuming  that  the 
mcchanimn  is  one  of  surface  scattering,  the  loss 
can  be  related  to  the  degree  of  contact  that  the 
acoustic  energy  has  with  the  sea  surface  as  well 
as  to  the  size  and  frequency  of  the  surface  irreg- 
ularities. For  an  omnidirectional  source,  the  frac- 
tion of  rays  which  are  refracted  upwards  to  meet 
the  surface  depends  on  the  layer  depth.  The  range 
of  the  limiting  ray  is  a measure  of  this  fraction. 
This  range  between  successive  surface  contacts 
of  the  limiting  ray  turns  out  to  be  the  \fZ/ 2 in 
kiloyards  if  L is  expressed  in  feet.  Thus,  \J~L  is  a 
suitable  scaling  factor  for  range  if  the  degree  of 
contact  of  energy  with  (he  surface  is  a satisfactory 
measure  of  the  energy  loss  from  a surface  channel. 
By  further  scaling  the  projector  and  receiver  depths 
to  layer  depth,  it  would  seem  possible  to  normalize 
the  data  for  all  layer  depths  at  any  single  fre- 
quency. This  was  done  in  the  analysis  leading  to 
Study  A and  proved  to  be  a reliable  way  of  trans- 
lating a large  amount  of  data  into  a single  prop- 
agation class. 

Three  propagation  zones  were  recognized  in 
connection  with  propagation  in  the  presence  of 
isothermal  layers.  The  near  zone  is  defined  by 
a limiting  ray  leaving  a source  and  returning  to 
the  surface  after  touching  the  bottoci  of  the  sur- 
face channel,  *n  this  rme  energy  travels  between 
points  by  a direct  path  and  spreads  spherically,  la 
the  far  zone,  energy  Is  propagated  down  the  channel 
after  two  or  mote  contacts  with  the  surface,  end 
the  decay  of  the  acoustic  field  can  be  represented 
by  a scattering  lose  wtffic  ent  added  to  the  tem- 
perature . absorption  term  rt  t llrd  lK<jwncjf. 
Cylindrical  spreading  holds  k <Ji!r  region.  The 
intermediate  zone  is  a zone  of  transition  between 
the  near  zone  with  spherical  spreading  and  the 
far  zone  with  cylindrical  spreading  and  surface 
scattering  less.  A semi  empirical  depth-loss  factor 
was  obtained  for  each  zone,  depending  on  the  ratio 
of  the  scaled  range  In  any  zone  10  the  scaled  zone 


width.  The  formulas  provide  a propagation  loss  for 
any  project** (-receiver  depth  pair. 

then  both  ends  jI  the  propagation  path  ore  not 
in  the  isothermal  layer,  energy  may  penetrate  below 
the  layer  by  way  of  surface  scattering,  diffractive 
leakage  from  the  surface  channel,  or  diffractive 
leakage-  from  the  direct  beam.  The  first  two  cases 
are  taken  care  of  by  the  depth-loss  factor  for  each 
of  the  propagation  zones  of  the  previous  mode. 

The  case  of  diffrrciive  leakage  from  the  direct 
beam  must  be  treated  individually  when  the  mode 
of  propagation  involving  downward  refraction  pre- 
vails. Downward  refraction  occurs  in  the  presence 
of  a negative  velocity  gradient  directly  below  the 
surface  when  no  layer  is  present  or  in  the  thermo* 
dine  below  nn  isothermal  layer.  Thus,  when  one 
end  of  the  path  is  ir  the  surface  channel  and  one 
end  is  beneath  the  surface  channel,  this  mode 
applies  to  the  Litton  of  the  nwtgy  which  is  split 
at  the  limiting  ray  and  In  refracted  downwards. 
The  formulas  for  propagation  loss  for  this  mode 
have  been  b-tsed  on  a theoretical  expresaion  dedved 
previously. 19  The  term  in  the  brackets  of  Formula 
( 2)  of  Situdy  A has  been  fitted  with  empirical  ccef- 
ticientsfor  on  average  velocity  gradient.  The  ecpia- 
tion  for  the  limiting  ray  under  tltese  conditions  isj 

R - 1/5  i/lZ*  - Li  + i/5  y/ 1 2 - L | . 

Since  the  acoustic  identity  may  be  dominated 
either  by  leakage  from  the  surface  channel  or 
diffracted  energy  from  the  downward  refracted 
beam,  computations  must  be  made  f or  both  of  these 
modes  when  both  ends  of  the  propagation  path  are 
not  in  the  layer.  The  mode  producing  the  lesser 
propagation  loss  is  the  one  that  prevails. 

An  important  mode  of  propagation  for  variable- 
depth  sonar  applications  occurs  when  a depressed 
or  internal  sound  channel  is  present  and  hot!  ends 
of  the  propagation  path  are  in  the  channel.  The 
axis  oltie  channel  is  the  depth  of  a sound  velocity 
air-ism.  This  condition  usually  occurs  when  the 
temperature  gradient  levels  off  below  a steep 
therroodine  and  the  pressure  effect  on  sound  ve- 
locity with  increasing  depth  takes  over.  The 
SOFAR  charnel  is  such  a case  in  point.  It  has 

it  See  H-  W.  Marsh,  Jr.,  Theory  of  the  Anomafoas 
PmfMfMtkm  of  Acoustic  Waves  iu  tbu  Ocum,  UHL  Re- 
port No.  Ill,  U May  1950  (UNCLASSIFIED),  P-  35- 
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been  found  from  the  AMOS  data  that  for  shallow, 
depressed  channels  the  width  of  these  channels  is 
approximately  equal  to  the  depth  of  the  channel 
axis.  This  model  has  been  used  to  obtain  an  ex- 
prrssion  for  the  propagation  loss,  which  in  the 
same  as  that  for  the  near  zone  of  the  surface  chan- 
nel.  It  should  be  noted  that  this  expression  holds 
on  the  average. 

Finally,  there  are  situations  where  energy  is 
propagated  between  two  points  by  way  of  the  bx- 
tooi.  Data  from  several  sources  were  combined  to 
yield  a set  of  craves  of  bottom  Ions  versus  bottom* 
grazing  angle  far  frequencies  fro r*  125  cps  to  32 
Itc.  In  using  these  curves,  one  calculates  the 
attending  and  absorption  loss  over  (he  ray  path 
tea  '..ptculcr  reflection  ««  the  bottom  and  inserts 
the  appropriate  bottom  loss.  For  echoranging  pur* 
poses,  the  one-way  propagation  loss  computation 
must  be  doubled.  Study  D of  this  report  presents  a 
discussion  of  the  data  used  in  arriving  at  the  bot- 
tom-loss curves. 

An  error  analysis  of  the  se  ..-iempirice*  formulas 
for  computing  propagation  lass  is  given  in  Study  C. 
It  is  shown  (tier,  on  the  basil,  of  a sampling  pro- 
cedure, that  the  prediction  method  is  reliable  ever 
the  tenge  ci  frequencies  and  ranges  consider  ;d. 
Lame  reduction  in  probable  error  covld  be  achieved 
;>whaps  for  the  downward  refraction  mods  of  prop- 
agation by  raking  the  magnitude  of  the  velocity 


gradient  into  account,  but  this  is  hardly  worth  the 
additional  complications. 

Study  F compares  the  performance  of  various 
echo-ranging  sonars  from  the  point  of  view  of 
equipment  figure  of  meri*  and  range  performance. 
In  diie  paper,  it  is  shown  that  the  prediction  settl- 
ed gives  results  which  compare  favorably  wlih  oper- 
ational range  performance  darn.  Studies  E,  F,  and 
G present  three  operational  applications  of  Project 
.AMOS  results  to  surface  vessel,  echo-ranging  sonar 
performance  prediction  problems.10  In  these  studies 
the  expected  performance  of  echo-tanging  sonars 
under  various  environmental  an-*  operational  con- 
ditions is  disrussed. 

Study  H contains  a very  useful  and  interesting 
anp roach  to  the  problem  of  ray  tracing  and  field 
intensity  computations.  In  Studies  1 sod  J these 
methods  are  applied  especially  to  the  energy  prop- 
agated through  the  deep  ocean  by  way  of  the  SO  FAR 
channel  to  focusing  regions.  A more  detailed  appli- 
cation of  this  theory  is -made  to  the  duta  obtained 
in  connection  with  the  Project  AMOS  low- frequency 
broad-band  noise  maker  runs,  (t  is  shower  that  the 
quantitative  features  of  the  data  can  be  exploded 
by  the  theory. 


M The  concepts  o>  '‘probability  o!  detection"  and 
"lateral  range  carves"  are  discs* -c  ' in  detail  ia  USL. 
Report  No.  147. 


SUMMARY  REPORT  OF  AMOS  CRUISE  TWELVE*' 


The  Oceanographic  Survey  Unit  for  Cruise 
TWELVE  consla.cn  of  die  LSS  SAN  r.ibf.U  (AGS* 


t*  Tb«  summary  report  of  AMOS  se  TWELVE  was 
prepared  by  LT  E.  C.  Isdia,  Jr.,  Hydrographic  Survey 
Officer  at  the  Uw'erwater  Sound  Laboratory.  The  opera- 
tion order  for  thi-  Moioe  appears  ia  letter  from  die  Hy 
drogntpher  to  CwdMbLM,  "Techalcal  iaswactioaa  for 
AMO’S  Ctv'ae  TWELVE)  forwwrdiag  af,"  aet.  094W,  31 
DtciaMi  WSJ  (CONFIDENTIAL).  The  measure  meats 
ia  he  take  i ea  thi  a ctuiae  wets  proposed  ia  USL  letter 
as  tire  Hydrognfobur,  ’AMDS  Cmlae  12)  schedule  of," 
a**  U7v-03d,  14  November  WSi  (CONFIDENTIAL). 


30).  CAPT  I.  D.  Day  (Commsoder  Oceanographic 
Ltirvey  Udr);  and  the  USS  RE  HO  DOTH  i/iGS-JO), 
CAPT  R.  R.  Snyder. 

AMJS  Cruise  TWELVE  was  planned  primarily 
from  the  standpoint  of  obtaining  the  maximum 
amount  of  acoustic  data  .-.ppotted  by  the  neces- 
sary oceanographic  and  seismic  operations.  The 
following  measurements  were  proposed  by  the  Lab- 
oratory: 

a.  27  Acoustic  Event  1 

b.  27  Acoustic  Event  EA 


i z 


c.  27  Acoustic  Event  3 

d.  27  Acoustic  Event  6 

e.  3 Special  Acoustic  Events 

f.  2 Acoustic  Event  8C 


The  total  cruise  time  was  B8  days.  Of  this  tfcae  64 
were  spent  at  sea. 

The  following  L abor  story  personnel  participated 
In  AMOS  Cruise  TWELVE: 


The  following  itinerary  was  set  for  this  cruise: 

07  OSS  SAN  PABLO 


OSS  PS  HO  BOTH 


Dale 

<1»JJ) 

Arrival- Depanmi 

Place 

LT  & C laella.  Jr. 

ENS  B.  B.  Michels 

y>  taaaary 

Departure 

NotiMk.  Va. 

FM3  B.  B.  Halteck 

Ms  «.  H.  Thors 

JO  Jaaaaiy 

’ -;al 

New  i.a  ’-'aa.  Cm 

Mr.  it  P.  Berate* 

Mr.  L.  C.  Pap  lea 

7 Febtaary 

Dtyinct 

Me*  LaaOaa.  Coaa. 

Mr.  P.  G.  Baltic 

])  Ftbtaaty 

Arrival 

Sr>a»{r 

•Map.  Dlcfceoe 

27  February 

P«V0t-'MfO 

RuaMa 

Mr.  S.  F.  Metmckl 

13  Match 

Arrival 

TtlaiO  nO,  P.W.I. 

17  Match 

Depart  at* 

TrialriaS,  B.V.L 

JO  Match 

Arrival 

5aa  Jaaa,  P.  R. 

JO  Match 

Depart  arv 

5aa  Jaua.  P.  A. 

ENS  Nichols  transferred  from  REHOBOTH  to  S/JN 

10  ApcM 

Ar-lval 

Maaaaa 

PABLO  in  Trinidad.  Mr. 

H.  John  non,  of  WHO  I, 

1J  April 

Depart  are 

Naaaaa 

was  embarked  in  REHOBOTH  during  the  Norfolk* 

iS  April 

Arrival 

PMIMnlyMi,  Va. 

to-New  London  and  Bermuda-*o-Ttlnldad  legs. 

EVENT  It  FOUR-i-RE*JENCYTRANSM?SSWN-LOSS  MEASUREMENTS 


Twenty- two  Event  1 stations  were  aedc  on 
AMOS  Cruise  TWELVE.  Since  the  wulT-el tracer 
line  hyiophone  was  not  available,  tn  alternate 
operating  pmeedvr  was  devttoped.  briefly  staled, 
pulses  were  transmitted  while  the  transducer j were 
raised  front  100  feet  to  20  feet.  Receiving  trans- 


ducers vere  stationed  at  20,  50,  100,  250,  and  500 
feet  with  one  transmitting  ns  for  each  wei  ring 
Oepth.  Standard  ranges  for  C«ut  1 were  3000,8000, 
AB.OCO,  and  24,000  yards.  When  bathythermo- 
graph conditions  were  auch  that  no  transmissiuus 
ware  to  be  expected  at  24,990.  yards,  an  additional 
range  of  5QC0  yards  was  taken. 


EVENTS  4 AND  5i  VERTICAL  REVERBERATION  MEASUREMENTS  <12  KO  l JO  DEEP 
SCATTERING  LAYER  MEASUREMENTS 


No  Event  1 Mid  Event  5 data  were  obtained.  fathometer  transducer  was  damaged.  A replacement 
Aa  a result  of  heavy  pounding  of  the  SAN  PABLO  *«  ^stalled  Beramda,  but  high-quality  recep- 
during  che  first  snd  second  leg,  .be  AN/UQN-1  tfon  was  not  obtainable. 

EVENT  6:  VERTICAL  TRANSMISSION  AND  SCATTERING  LAVER  MEASUREMENTS 

(8,  16,  AND  34  KC) 

No  Event  6 dsui  were  obtained  because  offetb-  failure,  but  later  they  were  found  to  be  caused  by 
ometcc  transducer  difficulties  on  the  REHOBOTH.  broken  crystal  leads. 

At  first  these  difficulties  were  attributed  to  crj  scd 


-^auMWTMl 
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EVENTS  BA  AND  IBs  LOW-FREQUENCY  PROPAGATION  MEASUREMENTS 


. total  of  25  Event  8 type  xtuurtaemt  were 
made.  Subdivided  by  types  they  were: 

Brent  »A  Event  SB 

11  elll  MH  4 with  *o«fc»  only 

5' partial  (mm  slsk  MV  4 
T tnae  tun  braba  t.ily 

No  complete  siren  juns  were  made.  Kepeated  me- 
chanical casualty  to  the  siren  and  pumo  overheat- 
ing problems  precltided  its  effective  use  on  AMOS 
Cruise  TWELVE.  One  short  run  using  the  Mk  6 
was  made  to  obtain  the  “signature”  of  the  device 
as  a sound  source. 

The  schedule  included  the  six  special  events 
described  below.  D-railed  reports  of  these  events, 
complete  with  track  charts  and  logs,  are  being  pre- 
pared for  distribution. 

ABLE  (Site  1):  A combination  of  unsuitable  weath- 
er and  lack  of  coordination  between  the  aircraft 
and  Office  of  Naval  Research  resulted  in  failure 
to  this  event. 

BAKER:  Special  Event  BAKER  started  at  201244Z 
February,  120  miles  northwest  of  Bert-iuda.  During 
the  course  of  the  circular  run  and  the  final  radial 
run  into  Bermuda,  360  bombs  were  fired.  Except 
for  time  out  of  commission,  the  Mk  4 was  operated 
intermit  ally  according  to  schedule.  The  final 
bomb  of  Phase  1 was  fired  at  230538Z  February 
The  depth  of  detonation  of  the  SCJFAR  shots  is 
doubtful.  The  detonators  used  were  observed  to 
give  erratic  results*  and  caused  detonation  to  /my 
from  premature  to  none  at  all.  Phas  e 1 1 started  at 
282015Z  February.  A total  of  14?  bombs  were  fired. 
The  event  ended  at  920630Z  March. 


CHARLIE:  This  event  was  executed  by  the  seis- 
mic personnel  and  will  be  reported  by  them.  How- 
ever, cursory  analysis  of  the  data  shows  no  evi- 
dence supporting  the  existence  of  Echo  Bank. 
DOG:  This  event  started  at  2222C4Z  March.  One 
hundred  and  two  bombs  were  fired.  The  Mk  4 oper- 
ated one  hour  on,  one  hour  off.  Mo  MV  4 casualties 
<*'er e experienced.  Phar  e 1 ended  at  240 100 Z March. 
Phase  II  started  at  301707Z  March.  The  two  tuns 
(070°  and  304°)  were  run  in  accordance  with  the 
planned  schedule.  Sixty  bombs  were  dropped  on 
ecch  run.  On  the  400-mlle  run  on  bearing  007°, 
260  bombs  were  fired.  The  event  ended  at  010043Z 
April. 

EASY:  Special  Event  EASY  started  at  081304Z 
April.  Forty-three  bombs  were  fired.  The  Mk  4 was 
operated  according  to  schedule.  Phase  I ended  at 
091219Z  April  and  phase  11  started  at  132212Z 
April.  Seventy- eight  bombs  were  fired.  The  Mk  4 
operated  without  failure.  The  event  ended  at 
142345Z.  Upon  completion  of  this  event  the -signa- 
ture run  of  the  Mk  6 was  made. 

ABLE:  (Site  2):  To  utilize  time  more  economically 
it  was  decided  to  abandon  the  site  of  the  first 
Event  8C.  It  was  planned  tv  conduct  Special  Event 
ABLE  and  Event  8C  at  Site  2.  Event  ABLE  waa 
almost  complete  4 when  heavy  weather  caused  aban- 
donment of  the  site. 

The  following  major  material  casualties  and 
deficiencies  were  noted: 

a.  In  order  to  keep  the  Mk  4 operative,  con- 
tinuing maintenance  was  required.  Four  diaphragms 
were  used. 

b.  The  Mk  6 can  not  be  towed  at  speeds  over 
5 knots.  It  was  not  used  except  for  the  one  signa- 
ture ran. 
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STUDY  A 

SOUND  TRANSMISSION  AT  FREQUENCIES  BETWEEN 
2 AND  25  KILOCYCLES  PER  SECOND* 

H.  W.  Mnrsh  and  M.  Schalkin 


INTRODUCTION 

An  analysis  of  AMOS  transmission  data  in  the 
2-  to  25-kc  frequency  region  has  been  completed. 
The  results  of  this  analysis  are  presented  in  this 

* This  report,  which  was  issued  as  JJSL  Technical 
Memorandum  No.  1110*110*94,27  August  ^^UNCLAS- 
SIFIED), Is  a revision  of  USL  Technical  Memorandum 
No.  U 10-8-54,  14  January  1954  (UNCLASSIFIED). 


T— 


Fig.  1 • Modus  of  Sound  Transmission 


memorandum.  A comprehensive  discussion  of  these 
results,  including  comparison  with  other  existing 
data,  and  recommendations  for  application  will 
be  given  in  a forthcoming  Laboratory  report. 

METHOD  OF  ANALYSIS 

A definite  model  of  the  ocean  as  a transmitting 
medium  hns  been  used  in  carrying  out  this  analy- 
sis. Reference  to  Fig.  1 will  show  that  there  ere 
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several  modes  of  propagation  which  determine 
transmission  conditions  under  any  given  set  of 
circumstances.  Sometimes  the  different  modes  are 
of  comparable  importance  and  must  be  combined  in 
order  to  estimate  the  net  sound  field.  At  other 
times  the  sound  field  is  dominated  by  a single 
mode  of  transmission. 

In  die  present  analysis  an  effort  has  been  made 
to  study  tiie  various  modes  separately  This  can 
be  done  to  a great  degree  by  a piopcr  selection  of 
data  according  to  the  different  oceanographic  fac-- 
tors  and  according  to  the  geometry  and  acoustic 
frequency  associated  with  the  data.  Those  factors 
which  have  been  determined  to  be  of  importance 
are: 

a.  Depth  of  isothermal  (surface)  layer 

b.  Sea  state  (wind  force) 

c.  Depth  of  axis  of  depressed  sound  channel 

d.  Depth  of  ocean  bottom 

e.  Water  temperature 

f.  Range 

g.  Depth  of  source 

h.  Depth  of  receiver 

i.  Acoustic  frequency 

By  scaling  nnd  by  certain  laws  of  combination,  it 
is  possible  to  reduce  substantially  the  number  of 
parameters  required  to  characterize  any  particular 
mode.  Thus,  it  is  possible  to  prepare  a limited  set 
of  charts  or  tables  which,  together  with  a small 
amount  of  computation,  can  be  used  to  determine 
transmission  loss  under  any  prescribed  condition 
lying  within  the  framework  of  the  analysis. 

THE  BASIC  MODES  OF  TRANSMISSION 

Transmission  via  modes  associated  with  the 
surfuce  isothermal  layer  and  various  orders  of  sur- 
face scattering  (including  negative  surface  gradi- 
ent) may  be  scaled  to  layer  depth  and  described  in 
terms  of  a few  simple  formulas,  which  arc  listed 
after  the  definitions  below.  Source  nnd  receiver 
depths  may  be  used  interchangeably  in  npplying 
these  formulas.  However,  the  conditions  applying 
to  the  formulas  are  stated  only  for  Z0  < 2. 

The  following  definitions  and  symbols  will  be 
u.*cd: 


Basic  Variables 

Surface  Isothermal  Layer  Depth  (ft)  L 
Sea  State  $ 


Depth  of  Ails  of  Depressed  Sound 
Channel  (ft) 

Depth  of  Ocean  Bottom  (fm) 

Water  Temperature  (deg.  F.) 

Range  (It yd) 

Depth  of  Source  (ft) 

Depth  of  Receiver  (ft) 

Acoustic  Frequency  (k?) 
Relaxation  Frequency  (kc) 
Transmission  Loss  (db) 


D 

B 

T 

R 

Zo 

Z 

f 

It 

N* 


Spreading  Loss  (db) 

Absorption  Coefficient  (db/kyd) 
Scattering  Coefficient  (db/kyd) 
First  Depth-Loss  Factor 
Second  Depth-Loss  Factor 
Bottom  Loss  'db) 


< 10  log  R, 

\ 20  log  R (Fig.  2) 
a (Fig.  3) 
«,  (Fig.  4) 
G (Fig.  5) 
H (Fig.  6) 
Nfj  (Fig.  7) 


Scaled  Variables 


r ^R/s/L. 

*0  =*  t/Zs/ \/E. 

* * \J~2 f/  vT L , 


ri  “ j U - * - *01 ; * < i » *o  < i ; 
r^  z„]  + — V " 1 1 * i 1 » *o  ^ 1 ! 


~ 1 + \/  ~ 1 . _ v , 

T | ® _ ' " « " 1 ' » ? * ^ ^ • 
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Th»  propagation-loss  formulas  for  the  various 
modes  o(  propagation  are  the  following: 

Diiwct  Radiation  Zona  (Zona  I),  0 < r <. 

When  both  ends  of  the  transmission  path  lie 
within  or  at  the  bottom  of  the  aurfoce  layer,  the 
following  formula  applies: 

Sm  = JO  log  R +aR +G(x-z0)—  +60.(1) 

fl 

At  all  other  times  use  the  smaller  of  the  two 
transmission  losses  computed  by  Formula  ( 1)  and 
the  following: 

Nw  <=  20  log  R 4 aR 

+f25-\/|Z  - L|  -y/\Z0  -L|  +5R] 

+ 60,  (2) 

The  quantity  within  the  parentheses,  multiplying 
the  frequency  term,  is  taken  as  trio  when  it  is  not 
positive. 

Zona  of  First-Order  Surface  Reflection 
and  Shodow  Zona  (Zona  II) 

Two  propagation  modes  occur  in  Zone  It; 

Energy  has  been  reflected  at  least  ooce  at  the 
surface.  The  area  covered  is  r,  < 1,  ry  < r < rj  4 y/t. 
Then, 

Nw  « 20  log  R + aR  4 2 (r  - rx)H  fx,  x0 ) 

+ [1 -2fr-r,)l  Gfs-*o)  + 60.  (3) 

The  shadow  zone  beyond  the  limiting  ray  is 
delineated  by 

*o  > 1 » * > 1 * ^l  < T £ rl  * ^ • 

For  Zone  II  use  Formula(3)  or  Fotmula(2),  which- 
ever yields  the  smaller  propagation  loss. 


Zona  of  Second-  or  Hiflher-Odar 
Surface  Reflection  (Zone  III) 

Energy  has  been  reflected  at  least  twice  at  the 
surface.  It  covers  the  urea  *0  < 1,  f|  + K < r.  Then, 
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Nm  m 10  log  R 4 f«  4 tf,)R  4 Hix,  x%) 

-0,\/L  (rx  + Hi 

4 10  log  t>/I  fr,  +H)]4  60.  (4) 

The  shadow  zone  beyond  the  limiting  ray  Is 
delineated  by 

r„  > 1,  * > 1,  r,  4 H < r. 

For  Zone  III  use  Formula(4)  or  Formula (2),  which- 
ever yields  the  smaller  propagation  loss. 


Transmission  Via  Dap  rat  sad 
Sound  Channel 

For  this  mode,  the  depths  of  the  source  and 
the  receiver  are  referred  to  the  axis  of  the  chan- 
nel as  the  origin,  and  the  channel  half-width, 
equivalent  to  the  layer  depth  of  a surface  isother- 
mal layer,  i.t  taken  to  be  one-half  die  depth  of  the 
axis.  Thus, 

N„  - 21  log  R 4 aR 

id 

Transmission  Vio  Bottom  Reflection 

Transmission  takes  place  by  one  bottom  re- 
flection; 

N,  - 20  log  R 4 nR  4 ftp  4 60,  (6) 

where  R is  the  slant  range  from  the  source  to  the 
bottom  to  the  receiver  for  specular  reflection  and 
Ng  is  the  bottom  loss  for  the  grazing  angle  at  die 
point  of  reflection  and  is  given  in  Fig.  7. 


ANALYSIS  OF  DISPERSIONS 

The  probable  errors  of  the  propagation  loss 
estimated  by  this  method  are  given  below: 

iuehtui 


nr 


eewmorrur 


Ptob«ble  Emm  of  preptt»tioifLo««  ptedlctlo«»  (AMOS)  (t A)  rofs  associated  with  the  bottom  reflection  data 
Fteqoescy  (kc)  2.2  * 1<  2)  (Fig.  7)  are  given  In  Fig.  8. 


Mode  ol  Ttoaimlsiloa 
(Fornulas  2 and  5) 

Mode  o(  TtaeiaUeloa 
<FotaaUa  U 3,  and  4) 

Reciprocal  Difference 


«.))«.)  9 


4 3 4.)) 

3.)  2.)  t)  3.0 


These  errors  result  partly  from  the  Inadequacies 
of  the.  method,  from  basic  fluctuations  which  can 
not  be  predicted,  and  from  errors  of  measurement. 
In  order  to  estimate  the  fluctuations,  a study  has 
been  made  of  the  sound  fields  measured  under 
identical  conditions  but  with  the  source  and  the 
receiver  interchanged.  The  difference  between  the 
two  measurements  is  referred  to  as  a reciprocal 
difference.  Except  for  that  mode  of  transmission 
associated  with  Formulas  (2)  and  (J),  the  error  of 
estimation  is  approximately  1-1/2  db  greater  than 
the  mean  reciprocal  difference.  The  probable  ee 
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Fig.  8 • PnboWa  Error  In  Bottom  Los*  va.  Frwfsmtcf 


ASSOCIATED  COMPUTATIONAL  FACTORS  FOR  PROPAGATION  LOSS 


In  order  to  compute  the  individual  terms  of  the  Scottming  Attenuation  Coefficient 
propagation  modes,  the  following  formulas  are  te-  (dh/ltyd)  («•  Fig.  4) 

Vircd:  .JfY*  _ 


Absorption  Coefficient  (db/kyd) 
(son  Fig-  3) 

Af2fT  B/2 


where 


a «=  -= — s-4 

/2  +/r  It 


A m 0.651*  B m 0.0269 1 


fT  - 1. 23  x M«-t*»W<r+4*di 

-L23xl0‘x«-4*^r+w‘>, 

and  then 

A/B-  24.2}/,, -93. 

For  low  frequencies, 

0.6:  if2 

"7r  * 

«ad 

a.  ~ 0.0073  f2  for  T - 50*  F. 


-c 


,S  <3 


'/\w 

f)  . S>3 . 


First  Depth-Loss  Factor  (db) 

(son  Fig.  5) 

G (x  - xj  - 0. 1 x W2 * *J(//25) - x^£  1 
- 20  0/25)  V*,(« -«.)*!. 

Second  Depth- Loss  Factor  (db) 

(computed  from  Fig.  6) 


If  (*  *•)  - F(x  - x.)  + F(*>  + Ffx.), 


—of". 

-0.4  x 19*.  f<8. 
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STUDY  B 

CONTOURS  OF  TRaNStUSSfON  LOSS  FOR 
STANDARD  CONDITIONS  AND  CORRECTION  CHARTS1 

br 

M.  R.  Powers,  K.  1 Dickson,  ami  L P.  Onjrx 


INTRODUCTION 

Contour*  of  standard  transmission  loss,  Nmml 
have  been  plotted  for  ten  frequencies  and  three 
projector  depths,  for  a standard  temperature  (50°  F.) 
and  a standard  layet  depth  ( 100  feet).  Correction 
chart.'’  >ave  been  plctfed  for  each  frequeacy  for  the 
correction  required  because  of  changes  in  infer 
depth,  temperature,  and  sea  state.  Values  of  the 
absorption  coefficient,  m,  for  various  temperatures 
are  also  included.  The  corrections  are  to  be  added 
to  the  standard  transmission  loss.  The  loss  con* 
tours  and  correction  charts  for  each  frequency  have 
been  grouped  together  for  ready  reference:. 

METHOD  OF  COMPUTATION 

The  values  of  the  transmission  loss  first  were 
computed  from  Formulas  (1),  (3),  and  (4)  of  Study 
A.  In  all  the  computations  a layer  depth  of  I'1) 
feet,  a temperature  of  50“  F.,  sod  a sea  state  of 
less  ‘than  3 were  assumed.  Computations  were 
made  for  projector  depths  of  20,  50,  and  10}  feet, 
for  frequencies  of  2,  10,  and  25  kc. 1 For  each 
projector  depth  and  frequency,  the  standard  trans- 
mission 'css  was  computed  at  seven  receiver  depths 
and  eight  ranges.  These  values  were  used  to  plot 
contours  of  constant  loss,.  Eratnples  of  such  coo- 
tours  are  j,ivw  in  Figs.  1A  through  1C,  3 A through 
3C,  and  5 A through  5C. 

A plot  of  transmission  loss  for  Formula  (2)  of 
Study  A was  also  made  for  each  frequency.  The 


1 Thi»  report,  together  with  ■ complete  »et  of  work- 
ing charts,  appeared  originally  u USL  Technical  Mem- 
orandum ,Mo.  1110-101-54,  17  Avgust  1954  (UNCLAS- 
SIFIED). 

- The  original  conput  l iowa  were  made  at  additional 
frequencies  of  1,  5,  8,  12,  i4,  20,  ami  31  Fc.  However, 
the  compilations  for  the  1-kc  frequency  are  estrapolered 
from  data  at  higher  frequencies  and  thus  are  to  be  con- 
sidered as  estimates  only. 


loss  was  computed  as  a function  of  £ , where 

£ - ♦ Viz.  - If . 

The  corves  were  plotted  for  constant  range,  P,  be* 
tween  0.3  and  25  kyd,  for  values  of  £ Jttu  0 to 
140.  These  curves  should  be  used  when  they  give 
a smaller  less  value  linn  the  value  computed  from 
Formulas  (1),  (3),  ard  (4)  of  Study  A but  can  net 
be  used  when  both  the  projector  and  the  receiver 
ere  above  the  layer.  Examples  of  these  corneas'*- 
lions  ore  given  in  Figs.  ID,  3D,  and  30. 

The  layer-depth  correction  waa  computed  tra 
the  formula: 

where 

L - layer  depth  (ft), 

>•  standard  layer  depth  - 100  ft, 

a.  > abrotption  coefficient  (dt/k yd)  at 
T « 50“  F„  nod 

ft  - Tange  Jkyd). 

This  formula  was  evaluated,  ft*  twelve  values  of 
L between  9 and  1024  feet.  Carves  were  plotted 
for  Ag,  versus  ft,  for  constant  L.  The  contours 
of  constant  At,  (see  Figs,  2,  4,  s«d  fi)  were 
plotted  by  interpolating  in  these  curves.  This  cor- 
rection applies  to  Formulas  (1),  (3),  n*d  (4)  of 
Study  A. 

In  order  to  find  the  transmission  lore  for  a 
given  ft,  7.  and  Z..  for  a layer  depth  different 
from  100  ft,  it  is  necesacrj  to  find  the  values  of 
ths  scaled  variables  r.  x.  and  a.  by  using  the  se- 
tt layer  depth.  The  standard  Ions  contours  are 
entered  wich  r,  x,  and  «„  nod  the  value  of  fa 
read.  The  correction  tei it  is  found  ft©**  the  layer 
cotrcctioj  contours,  where  these  curves  are  entered 
with  ft  and  L. 
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Fig.  7 - Temperature  Correction  Contour. 

(2  kc.  10  kc,  anW  25  kc) 


Fig.  10  • Absorption  Coaf'lclunt  (in  db/kyd)  vs. 
Frequency  (In  be)  for  T "*  30®  F. 


The  temperature  correct!  or  con  to  err  were  plotted 
le  ■ manner  ‘similar  to  that  «aed  for  the  leper  cot* 
rectloet 


Aj-  » 


where 

« le  evaluated  et  tenure retttre  ■ T*  F.t 

«•  le  evaluated  et  ateaderd  temperature 
■ 50®  F.,  end 

R is  range  (kyd). 

The  formula  was  evaluated  for  ala  values  of  T 
between  30*  end  90°,  end  the  curves  were  plotted) 
for  Ay  versus  R at  a constant  T.  The  contours  of 
constant  Ar  (see  Figs.  7 A,  7B,  and  7Q  were 
plotted  by  interpolating  In  these  curves.  This  cor 
rection  applies  to  all  propagation  cones. 

It  should  not  be  assumed  that  Interpolation  In 
these  correction  charts  will  be  accurate  for  an  In 
tervr.1  smaller  than  ooe-linJf  the  Interval  between 
contours.  If  greater  accuracy  is  desired,  the  cor- 
rection values  should  be  found  from  the  formulas 
or  iron  graphs  for  constant  L or  T.  This  la  particu- 
larly true  for  ranges  of  less  than  one  klloyard. 

The  sea-state  correction 

A,  " 4.)fV3  fr-(ri  +54)] 

has  been  plotted  for  each  frequency  ;Flg.  8).  This 
is  applicable  only  for  the  ranges  r£  rj  + }$»  for 
which  Formula'll)  of  Study  A applies.  These  ranges 
may  be  determined  by  using  Fig.  9 for  the  three 
values  of  projector  depth  (r,  - 0.45,  0.71,  L00- 
or  Z,  >•  20,  50,  100  feet). 

Figure  10  gives  die  values  of  s,  for  frequen- 
cies from  1 to  10,000  kc,  at  T - 50®  F.  The  valuer 
of  c » #/«a  are  plotted  tot  temperatures  from  25* 
to  80*  F.  and  for  frequencies  from  1 to  10,000  kc 
(Fig.  11). 


Fl«.  11  • Tamper* tura  Dapandanca  af  Absorption 
Coefficient  Ratio  (c  - a/ a, I 
( ^ • Absorption  Coefficient  of  50®  F.) 
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STUDY  c 

ERROR  STUDY  OF  AMOS  PROFAGATfOH-LOSS  ANALYSIS 

by 

W.  H.  TWp 


A a kwtdgMias  was  made  of  die  Magnitude  of 
error  a to  be  expected  from  die  vat-  si  the  aaalyti- 
cal  foramina  (fret  la  Study  A of  this  report  for  the 
estimation  of  ptsipcgstiou  loss-  This  van  done  by 
working  with  a re  e ■tentative  sample  of  the  entire 
data  file.  This  sample  was  obtained  by  selecting 
at  random  a single  IBM  card  to  represent  each 
c'  the  No?th  Adamic  deep-water  stations  tdiich 
were  occupied  between  1949  and  1933.  Each  card 
so  selected  contained  the  measured  values  of  prop- 
agation Ion?  for  one  or  more  of  the  four  discrete 
i ‘oustic  frequencies  {2.2,  8,  16,  and  25  kc)  for  a 
g*ven  range  and  p rojecior-teceiver  depth  pait. 
These  data  are  listed  in  Table  1. 

The  mode  of  propagation  which  applied  to  each 
particular  station  card  was  determined  from  ■ con- 
sideration of  the  pertinent  parameters  ts  indicated 
in  Study  A.  The  corresponding  values  of  propaga- 
tion loss  were  then  computed  from  the  formulas  of 
Study  A.  It  should  be  noted  that  more  than  one  prop* 
agution  mode  may  apply  under  the  transmission 
conditions;  therefore,  calculations  using  each  ap- 
plicable formula  most  be  made  and  the  result  which 
indicates  the  least  loss  must  be  chosen.  This,  iu 
effect,  increases  the  numerical  effort  required  by 
about  50%. 

lu  Table  2 ere  presented  the  probable  errors  of 
the  prediction  method  obtained  by  sober  acting  the 


computed  values  oi  propagation  loaa  from  the  meas- 
ured values  for  the  indicated  propagation  modes  for 
the  149  stations  of  Table  L Forth-  remaining  nine 
stations,  the  prevailing  propagation  mot.?  appeared 
to  be  by  way  of  the  ocean  bottom. 

Tb«  magnitude  of  the  probable  errors  reflects 
some  at  the  time  variability  oi  the  c jeaa  itself  as 
a propagation  medium.  This  effect  was  estimated 
in  this  study  by  considering  the  reciprocal  nature 
of  propagation  over  the  same  path  with  transmitting 
and  receiving  positions  interchanged  with**  a peri- 
od of  from  15  to  20  minutes  for  swat  of  the  stations 
in  Table  1.  The  reciprocal  differences  referred  to 
in  Table  2 are  the  differences  in  measured  prop- 
agation loss  over  the  same  path,  but  with  receiver 
and  projector  positions  interchanged.  It  may  be 
seen  that  a sizable  part  of  the  probable  error  of 
flotation  arises  from  the  time  variability  introduced 
by  the  ocean.  These  errors  appear  to  be  independ- 
ent of  range  over  the  ranges  of  the  AMOS  eqteri- 
meats  (1  to  25  kyd). 

It  may  be  seen  That  the  probable  errors  lot  the 
downward  refraction  mode  of  propagation  appear  to 
be  larger  than  those  associated  with  outface  chan- 
nel propagation..  The  er.ocs  associated  with  prop- 
agation by  way  of  the  bottom  are  treated  separately 
is  Study  D. 
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Table  2 


PROBABLE  ERRORS  OF 
PROP  AGATION*LOSS  PREDICTIONS 
(AMOS)  (tdb) 


2.2  kc 

S kc 

10  kc 

23  kc 

Mode  of  Twiloiiot 
(Fonmlaa  2 aod  3, Scad?  A) 

4) 

3.0 

43 

9.0 

Mode  of  TiMtoluloa 

40 

3.0 

43 

3.0 

(Fomolaa  1,  3,  ood  4,  Stody  A) 

Reciprocal  Diffeteecea 

W 

43 

L) 

40 

31 


STUDY  D 

TRANSMISSION  BY  WAY  OF  THE  BOTTOM 
*>r 

M.  Schulkln  and  W.  H.  Thorp 


i INTRODUCTION  rical  path  was  used  together  with  the  temperature- 

!!  dependent  absorption  coefficients  presented  in 

Stuti^  A in  reducing  the  propagation-loss  values  to 
The  deep-water  bottom-reflection  data  avail-  "bottom  loss." 

| able  as  of  January  1954  have  been  assembled  jn  a In  order  to  curry  the  bottom-reflection  analysis 

* form  which  is  suitable  for  use  in  sonar  range  pre-  down  in  frequency,  underwatet  siren  runs  from 


dictions.  No  attempt  is  made  to  explain  the  data; 
rather,  the  data  are  described  in  terms  of  a model. 
The  model  used  is  that  of  propagation  by  way  of 
tite  specular  path,  including  an  empirical  loss  at 
the  bottom.  At  gtazing  angles  approaching  0°,  the 
behavior  of  the  Rayleigh  reflection  coefficient  is 
assumed.  At  perpendicular  incidence,  scattering 
coefficients  deduced  from  AMOS  vertical  sounding 
measurements  at  2,  8,  and  34  kc  were  used. 

The  most  extensive  sources  of  bottom-reflec- 
tion data  in  deep  water  for  the  2-  to  25-kc  fre- 
quency range  are  AMOS  Cruises  NINE,  ELEVEN, 
and  TWELVE.  Cruises  NINE  and  ELEVEN  were 
notable  for  their  shallow  surface  sound  channels 
and  low,  direct  acoustic  fields  at  short  ranges.  As 
continuous-wave  sources  were  used  on  these  two 
cruises,  the  sound  energy  could  arrive  by  various 
paths,  and  some  discretion  had  to  be  used  in  se- 
lecting data  which  arrived  by  way  of  the  bottom. 
For  this  purpose,  the  dep'h  of  the  isothermal  layer, 
the  decrease  of  the  propagation-loss  anomaly  with 
range,  the  constancy  of  the  field  with  depth,  the 
magnitude  ofthe  propagation  loss,  andthe  acoustic 
frequency  were  all  considered. On Ctui sc  TWELVE 
pulses  were  used  with  the  result  that  it  was  fairly 
easy  to  distinguish  energy  coming  via  the  bottom. 
Propagation  conditions  were  generally  good  during 
this  cruise,  however,  and  because  only  those  si  ;- 
nals  which  were  less  than  40  db  below  the  direct 
signal  could  be  detected,  data  were  limited  to  a 
few  stations. 

All  the  AMOS  data  were  assembled  into  median 
values,  and  the  bottom  loss  was  plotted  against 
the  bottom  grazing  angle  in  5-degree  intervals  and 


GRACING  ANOIF  WITH  BOTTOM  IN  DrGRFES 


rig.  1 - Botiom-LoJS  Data  from  AMOS  Crulso*  NINE, 
ELEVEN,  ond  TWELVE 

AMOS  Cruises  ELEVEN  and  TWELVE  were  used. 
Data  were  considered  in  frequency  bands  centered 
about  l kc,  2 v c,  and  8 kc.  Here  again  judgment 
hnd  to  be  exercised  in  distinguishing  bottom  re- 
flections, since  the  source  emitted  continuously. 
Bottom-reflection  data,  obtained  by  theNaval  Elec- 
tronics Laboratory  during  1950  and  1951*  were 
also  available  for  discrete  source  runs  at  500  cps 
and  1000  cps.1  The  medians  for  the  siren  and  NEL 
runs  are  shown  in  Fig.  2.  The  number  of  runs  going 
Into  these  medians  are  as  follows; 

* These  runs  are  described  by  T.  P.  Condron  and 
R.  W.  Scblllereff  in  "Lang  Riuige  Sound  Transmission 
with  s Shs'low  Towed  Source  st  500-  sod  1000- cps 
Frequency,”  NEL  Report  323,  16  October  1952  (CON- 
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Fig.  2 - Bottom-Lot*  Data  from  NEL  Dlicwta  So  urea 
and  USL  Jfnn 


Flf.  3 - Bottom-Loss  Dote  from  WHOI  Bomb  Drop* 


s.  AMOS  Underwater  Siren— 5 tuna  at  1 kc,  4 
runs  at  2 kc,  3 tuna  at  8 kc. 

b.  NEL  Dlacre-e  Source — 4 ruoa  at  1 kc  and  6 
ran  a at  300  cpa. 

Finally,  botu>  ^reflection  data2  obtained  by 
the  Woods  Hole  Oceanographic  Institution  at  fit- 
quencirs  below  I kc  through  bomb  drop  a were  de- 
rived for  multiple- hop  levels  for  energy  lying  be- 
tween d-e  limiting  my  and  the  critical  angle.  In 
wotking  out  the  dota,  nil  possible  differences  in 
level  were  used  from  the  WHOI  plots  of  level  ver- 
sus R/N,  where  ft  is  tbr  range  and  N is  the  order 
of  reflection.  Values  of  N from  I to  9 were  used. 
The  median  values  of  the  resulting  data  are  plotted 
in  Fig.  3. 

These  three  sets  t<f  data  were  studied  for  fre- 
quency dependence  bj  plotting  median  bottom-re- 
flection loss  against  f;  equency  foi  the  overlapping 
grazing  angle  intervals,  10*  » 30*,  20°  to  40*, 
mid  30*  to  50*.  The  results  are  shown  in  Figs.  4A, 
4B,  and  4C.  In  drawing  smooth  curves  through  die 
points,  the  AMOS  ds:a  were  giveo  the  greatest 
velght  whenever  a question  arose.  The  wwet  of 
the  data  is  indicated  by  n letter  W for  WHO1,  N for 
NEL,  S for  Siren  (AMOS)#  and  A for  AMOS 

Plots  of  bottom  loss  versus  grazing  angle  then 
were  mad*,  starting  « 125  cps  amd  progressing  in 
octave  steps.  These  are  presented  in  Fig.  5*  A 


*See  C.  0.  Officer  sad  J.  B.  Herwcy,  "Sound  Trrno- 
sdasioa  from  Deep  to  Shallow  Watet,M  WHOI  ML  53*32, 
Asgust  1953  (SECRET). 


plot  was  also  made  at  25  kc  for  convenience.  The 
points  at  90*  (vertical  incidence)  were  obtained 
from  a previous  analysis1'  of  die  AMOS  vertical 
reverberation  and  bottom- reflection  experiment*. 
The  pulse-length  dependence  shown  in  the  study 
indicates  a tendency  toward  a leveling  off  at  lower 
bottow loss  values  with  greater  pulse  lengths.  The 
pulse  data  of  AMOS  Chtlse  TWELVE  also  shows  a 
tendency  toward  lower  levels  for  shorter  pulses 
(Le.,  1/2  sec  as  compared  with  1 sec). 

Probable  errors  of  the  points  about  the  curves 
in  Figs.  4A,  4B,  and  4C  were  computed  sod  com- 
bined with  the  probable  errors  of  the  plots  in  Figs. 
1,  2,  and  3 in  order  to  obtain  the  over-all  probable- 
error  curve  versus  frequency  shown  in  Fig.  6.  FI* 
naily,  a plot  of  transmission  loss  versus  horizontal 
range  is  presented  in  Fig.  7 for  an  average  water 
depth  of  2000  -fathoms  sod  average  water  temper*- 
tin  of  38°  F.  for  the  four  frequencies  indicated. 

THEORETICAL  COMPUTATIONS 

Theoretical  computations  on  the  basis  of  two 
simple  models  were  nude  in  order  to  observe  some 
dependencies  of  reflection  coefficient  on  bottom 
property  and  bottom  structure.  In  one  case  con- 
sider plane  acoustic  waves  ia  ooe  infinite,  bomo- 


1 See  Du  L.  Co»«,  J.  F.  ReUy,  sad  A.  W.  Danutas* 
"Vertical  Reverberation  amd  gntem  Strength  Mcasaso- 
meats  - Event  SX  • Prefect  AMOS,”  USL  Technical 
VrmTu-Vw  No.  1110-014-33,  15  May  1953  (CONFI- 
DENTIAL). 
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Fig.  6 * ProbobU  Error  In  Bo**om  Loom  vs.  Frequency 


Fig.  7 - Transmission  Loss  vs.  Rang#  (or 
Bo/toao-Reflsctod  Transmission 


Pig.  8 * Roylvlgrt  Theoretical  bottom  Loss 
vs.  Grazing  Anglo  (p,  c constant) 

geneous,  fluid  medium  (sea  water)  impinging  to 
the  surface  of  separation  for  a second  infinite,  ho- 
mogeneous, fluid  medium  (the  bottom).  In  tlit  second 
case  consider  that  the  bottom  is  composed  of  an 
absorbing  fluid  overlying  a hard,  perfectly  reflect- 
ing surface. 

In  the  first  case  the  Rayleigh  formula  lot  the 
energy  reflection  coefficient  is: 


l 


*b 


£ sin  dt  - \/l  - cos70s(cj/ci)J 


C sin  0t  + y/1  - KoslOt(ci/ci)* 


(1) 


where 


9g  a gi  zzing  angle  with  bottom  and 

C ” f*2c2^lcl’ 

Here,  cj  is  complex  and  cj  is  the  speed  of  sound 
in  sea  water;  then 


water;  then 

|r2|  (cos  <f>  — i sin  ^)  > 


|c2|  * 


In  Fig.  8,  the  reflection  coefficient  is  plotted 
against  the  grazing  angle  for  a number  of  phase 
angles,  , for  the  sound  speed  in  the  bottom.  For 
the  purposes  of  calculation,  typical  droiity  ratios 
of  pi/p\  “ 1*3  and  for  |£  | « 1.555  were  u.ted.  The 
main  features  of  these  curves  are  that  (1)  when  the 
phase  angle  <f>  is  close  to  zero,  there  is  a critical 
angle  of  about  34*  for  which  there  is  iota!  re- 
flection for  all  grazing  angles  up  to  this  valve;  (2) 
for  grazing  angles  of  5*  and  10*  the  reflection  co- 
efficient decreases  continuously  in  the  'Vegloo  of 
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F»#.  9 - Rsylalfh  TJ*~or«»ic«l  dof*  l’M  V*.  Gsozlrf  Angi.  (Phots  An«l*  constant) 


WjJ  L*.,  there  is  no  region  of  tot*! 

reflection;  sad  (5)  «*  the  phase  angle  increases 
from  30°  Jo  90°  the  reflective  coefficient  improves 
steadily  and  the  grazing  angle  dependence  for  each 
phase  angle  is  continuoas. 

In  Fig.  9,  the  phase  angle  is  kept  fixed  at  10°, 
and  the  Tartarian  of  reflection  coefficient  with 
sound  speed  ratio  is  compared  for  different  density 
ratios.  It  may  be  seen  that  the  better  a etched  dn 
two  media  are,  the  poorer  is  the  reflection  coeffi- 
cient. The  purpose  of  computing  these  curres  is 
to  find  the  actual  magnitudes  involved,  it  may  he 
seen  that  the  previous  model  does  not  show  the 
main  features  of  the  obttnd  reflection  coeffi- 
cient data  except  at  very  low  ffequenc i e s 

At  the  higher  ft«<petKits,  there  is  an  Increase 
1*  reflection  coefficient  at  greater  grazing  angles 
that  needs  explaining.  The  tk^e  of  the  reflection 
coefficient  curves  nr  higher  frequencies  may  be 
accounted  for  is  various  ways.  For  example,  it 
may  arise  bom  a predominant  specular  reflection 
at  small  grazing  soglet>  nod  a predominant  scat- 
tering effect  K high  grazing  angles.  Another  pos- 
sibility Is  that  in  the  deep  ocean  a sound  absorb- 
ing sediment  layer  overlies  a harder,  perfectly  re- 


flecting sediment  which  will  accentuate  the  beh.tvk* 
sbov*  a certain  frequency.  There  b some  rtiv.we 
to  believe  that  this  last  model  has  some  physical 
Justification  farm  studies  of  deep  sea  seiLoeata.'* 

If  a plane  crave  ia  incident  oo  a bottom  com- 
posed of  « sound  absorbing  layer  of  thickness,  D, 
overlying  a hard,  infinite  medium,  then  it  can  be 
shown  that  the  amplitude  reflection  coefficient  is 
gives  by: 


C sin  gj  -{^1  ~(cj/c|)^  cos3  9j)U  too  nO tAnO^/ct) 
C sfet  6*j  + ( - (c2/c|)*  cos*  fig)  (f  tan  uO sin 9zfc\) 


’flee  TsUe  121,  p.  10»,  of  TU  Ocmu  by  H.  V. 
Smtap,  g T.  Jahassa,  sad  fcU  H.  Fleming,  Ptsmdeo 
Hall,  Ire,  942. 
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where 

•i*  9j  - y/ 1 con*  t*l. 
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Fl».  11A  * Second  Fluid  Thlckn***  » H fool  FI#.  IIB  • Socond  Fluid  Thick  ns«»  - 1 foot 


FI#.  11C  • Sscsnd  Fluid  Thick  »*•»•  - 2 fool 


FI#.  11  • Cooiputod  Bello  n Loss  va.  Bo  Wont  Gtaiin#  An#lo 


F ot  the  purposes  of  computation, 

* -2*, 

Ci  - 3000  ft/ sec, 

Cj  - Ci  - tCi  - sTcFTcf  * 1 and 
|Cj|  “ Cj/coa  tf>. 

In  Fig.  10,  the  square  of  the  absolute  value  of 
the  reflection  coefficient  is  plotted  against  grazing 
angle  for  various  products  of  / and  P.  These  are 
repiotted  in  Figs.  11A,  11B,  and  11C  in  terms  of 
reflection  loss  in  dh.  It  sajr  be  seen  that  the  shape 
of  the  curves  snd  order  of  magnitude  of  reflection 
loss  at  the  higher  frequencies  are  suggestive  of 
die  average  measured  behavior.  At  the  lower  lire* 
qucncics  the  simple,  two-fluid  model  computer ioas 
in  Fig.  8 look  like  the  measured  curves  ia  Fig.  3. 
The  computations  are  sterely  meant  to  be  sugges- 
tive of  pc#  abilities  rather  than  to  be  applicable 
to  the  data 


STUDY  E 


LATERAL  RANGE  CURVES  FOR 
HULL-MOUNTED  ECHO-RANGING  SONARS1 

fcf 

M.  Schttlkln  and  R.  A.  Spang 


INTRODUCTION 

Lateral  range  curves  are  included  (or  hull* 
mounted,  echo-ranging  sonars  at  frequencies  of  23 
and  10  Icc  under  various  environmental  conditions. 1 
A discussion  of  sonar  figure  of  merit  is  presented, 
together  with  typical  values  for  the  various  sys- 
tems used  by  the  Fleet.  The  use  of  such  lateral 
range  curves  in  search  and  screening  operations  is 
considered  briefly. 

LATERAL  RANGE  CURVES 

A number  of  sets  of  lateral  range  curves  (see 
Figs.  1 and  2)  have  been  prepared  for  use  with  bull- 
BMunted,  echo-ranging  sonars  at  different  frequen- 
cies. Curves  at  frequencies  of  23  and  10  kc  are 
included  in  this  study.  The  curves  apply  to  deep 
water  off  the  Continental  Shelf. 

A lateral  range  curve  is  a plot  of  the  probability 
of  detecting  a submarine  which  is  moving  ia  a par- 
allel track  with  respect  to  a searching  vessel, 
against  the  track  separation.  Such  curves  offer  the 
tactician  a basis  for  establishing  reliable  tactics 
with  respect  to  the  sonar  situation.  A screen  com- 
mander may  choose  between  alternative  tactics  by 
determining  the  level  of  probability  of  detection 
associated  with  a given  ship  positioning.  The 
carves  may  also  be  used  in  working  out  force  re- 
quirements in  convoy  routing. 

Each  set  of  lateral  range  curves  has  been  pre- 
pared for  a specified  frequency  and  is  to  be  used 
for  equipment  at  that  frequency.  In  using  these 
corves,  that  set  of  lateral  range  curves  is  selected 
which  applies  most  closely  to  the  existing  eovi- 


* This  report  was  issaed  originally  ss  USL  Tech- 
nical Memorandum  No.  11 10-0 18-54,  1 July  1954  (CON- 
FIDENTIAL). 

* The  original  meworsndam  included  lateral  range 
curves  at  20  sad  14  kc. 


toomental  conditions  of  teuperaturc  and  Isothermal 
layer  depth.  The  curves  for  L ■ 0 are  for  negative 
temperature,  gradients  starting  at  the  surface. 

There  are  two  columns  of  three  curves  on  each 
page  for  the  indicated  isothermal  depth,  L,  la  feet, 
water  temperature,  degrees  F.,  and  sea  state  0-2. 
The  dashed  tails  which  are  present  on  some  of  the 
curves  apply  to  the  effect  of  sea  states  greater  than 
3 on  sonar  system  performance.  Curves  with  no 
dashed  sections  can  be  used  for  all  sea  state  con- 
ditions. One  column  of  the  page  applies  to  a sub- 
marine at  periscope  depth,  30  feet;  the  other  column 
is  fot  s submarine  within  300  feet  of  the  surface, 
its  best  depth  for  avoiding  detection.  The  sub- 
marine depth  is  indicated  by  the  symbol  Z,  and  its 
value  is  listed  nest  to  the  layer  depth  value.  The 
curves  are  labeled  with  figures  of  merit  ia  db.  A 
change  in  range  scale  was  found  to  be  convenient 
to  use  for  the  deeper  isothermal  layers. 

FIGURE  OF  MERIT  OF  ECHO-RANGING  SONARS 

If  the  figures  of  merit  of  hull-mounted,  echo- 
ranging  sonars  have  been  measured  as  a function  of 
range  tor  specified  operational  conditions,  then  a 
complete  lateral  range  curve  may  be  found  from  the 
curves  of  this  report. 

The  figure  of  merit  of  an  echo-ranging  system 
is  the  permissible  loss  of  the  system  under  a given 
set  of  conditions  sod  is  the  difference  between  the 
power  source  level,  in  db/ / 1 itb  at  1 yd,  sod  the 
operational  minimum  detectable  echo  level,  la 
db// 1 pk  In  order  to  determine  its  sonar  figure  of 
merit,  a ship  performs  operational  maneuvers  at  sea 
while  an  artificial  echo  is  inserted  at  an  arbitrary 
range  and  bearing.  While  the  sonarman  la  using 
standard  aearch  procedure  ia  locating  the  target, 
the  level  of  the  mtificial  echo  is  increased  at  a 
rate  corresponding  to  the  closing  of  range  between 
the  target  aad  the  searching  vessel.  The  back- 


ground  of  noise  and  reverberation  is  the  actual  In* 
terfrrence  against  which  the  sonarman  would  have 
to  work  in  locating  a real  target. 

Typical  measured  values  of  the  figures  of  merit 
of  various  sonars  are  shown  in  Fig.  3.  Here  the 
average  figure  of  merit  of  the  QllBa  sonar  is  plotted 
as  a function  of  range.  The  data  were  obtained  oo 
27  destroyers  in  1931.  In  addition,  figure-of-merlt 
plots  of  other  sonars  on  individually  specified 
ships  are  given,  it  was  found  in  this  investigation 
that  the  figure  of  merit  did  not  change  with  higher 
sea  states  through  sea  state  5.  However,  quenching 
of  the  sonar  and  rolling  of  the  ship  reduced  the 
probability  that  a signal  would  insonify  the  target 
and  that  the  resulting  echo  would  be  detected..  It 
was  also  found  that  sonar  operators  have  a psycho- 
logical tendency  to  work  with  the  gain  turned  down 
too  low,  affording  a dark  background  beyond  the 
range  of  reverberation  effects.  Considerable  im- 
provements iu  detection  range  can  be  achieved  Hy 
turning  the  gain  up  to  the  point  where  noise  speckles 
just  begin  to  appear  at  the  greater  ranges  on  the 
scope. 

USE  OF  LATERAL  RANGE  CURVES 

There  is  t well-developed  theory  for  the  use  of 
lateral  range  curves  for  search  and  screeniug  opera- 
*ions.The  range  measure  usually  considered  in  this 
c^uiection  is  the  sweep  width.  This  is  the  area 
■>der  the  — obability  curve  or  the  effective  width 


of  the  rectangular  area  swept  by  the  antisubmarine 
vessel  In  searching  operations. 

The  lateral  range  curve  Is  a very  flexible  pres- 
entation of  the  range  performance  of  a sonar  sys- 
tem. The  spacing  between  ships  of  a screen  may 
correspond  to  a high  level  of  probability  of  detection 
when  a tight  screen  is  reqiired,  or  to  a lower  level 
of  probability  of  detection  when  a loose  screen  is 
desired. 

Lateral  range  cur-res  may  be  used  to  plan  force 
requirements  in  convoy  or  hunter-killer  group  opera- 
tions. The  relative  performance  of  diverse  sonars 
according  to  frequency,  power,  and  detection  sen- 
sitivity may  be  taken  i :a*>  account  in  these  plans. 

The  best  search  speed  for  area  coverage  may 
be  determined  by  plotting  the  product  of  the  sweep 
width  or  e range  corresponding  to  a given  level  of 
detection  by  the  ship  speed.  Since  the  figure  of 
merit  varies  with  ship  speedy  it  will  be  found  that 
the  product  may  have  a maximum  value  at  a given 
speed.  This  will  be  the  best  search  speed  for  the 
individual  ship.  The  brat  search  speed  amy  vary 
from  ship  to  ship,  and  one  may  decide  to  uae  the 
beat  average  speed  for  all  ships  or  employ  some 
tactic  which  takes  advantage  oftbe  optimum  search 

ed  for  individual  ships. 

The  curves  may  also  be  used  to  determine  the 
optimum  keying  interval.  If  environmental  or  opera- 
tional conditions  an  such  that  poor  ranges  are 
achieved,  then  a more  rapid  search  out  to  a shorter 
range  is  advisable. 
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STUDY  F 

COMPARATIVE  PERFORMANCE  OF  r’CHO-RANGSNG  SONARS 
M.  SdwUcio,  R.  L BaliM,  and  K.  A.  Spang 


T Ms  jMpf(pte>eut«  tTidaice  which  shows  that 
reliable  fringe  predictions  can  be  wade  by  using 
fippMrf’iwt’:  r.  ensure  moots,.  available  target- 
jtrenjd?  icfonaatixc,  end  Project  AMOS  propaga- 
tion data.  A coapaistu  of  expected  .nnge  perform- 
aoce  for  hull-mounted  and  variable-depth  sonars 
tiadet  uniform  conditions  is  included.  Lateral  range 
curvcD  baaed  on  the  US*,  range  prediction  methods 
hare  been  used  successfully  lu  coovoy-eacok: 
screen  design. 

For  t?v%»i3  years  die  Underwater  So-ind  Labo- 
ratory has  been  defining  equipment  figure-of-roerit 
atuvRsacitts  end  as  toe  i a ted  detection  ranges  on 
di f te.cn t types  of  echo-ranging  sonars. 1 In  recent 
tadwlaatlM  warfare  de  velopment  exercises  (Ai 
DevEx-I)  additional  data  of  this  type  were  obtained 
under  identical  environmental  conditions.  As  a re- 
sult sji  these  Uo  spheres  of  experience,  the  Labe- 
tatvry  is  in  a position  to  prepare  lateral  range 
curves  and  to  cx  mpute  sweep  widths  and  expected 
ranges  for  system  design  and  tactical  applications. 

This  paper  presents  evidence  which  shows 
that  reliable  range  predictions  esc  be  made  by 
using  figure-of- merit  measurements,  available  tar- 
get-strength  ieform-don,  and  Project  AMOS  propa- 
gation data.  Also  included  is  a comparison  of  ex- 
pected. range  performance  for  hull-mounted  and 
variable-depth  sonars  under  uniform  conditions. 
The  three  factors  used  in  predicting  sonar  range 
perforttunce,  namely,  equipment  figure  of  merit. 


1 This  program  Has  bcesi  dacumcated  is  re/eral  USL 
reports.  ■ See  14-  Schulkia,  History.  Development,  ass' 
Present  Statue  of  Project  AMOS  (Acoustic,  Metavro log- 
ical, turd  Oceanographic  Survey),  DSL  Repott  No.  132, 
20  April  3931  (CONFIDENTIAL);  H.  V.  Msrsb,  Jr.,  sad 
14.  SchalkLa,  Report  on  the  Statue  of  Vrofevt  AMOS  (ZD 
April  - 31  December  1931 A USL  Report  No.  147, 19  Feb- 
ruary 1932  (CONFIDENTIAL);  M-  Schnlkin,  F.  S.  White, 
Jr.,  sad  R.  A-  Spots g.  QHBa  Pigure-of-Mcrii  Tern is.  USL 
Report  No.  187,  3 April  1953  (CONFIDENTIAL);  *nd  H. 
V.  Marsh,  Jr.,  sad  14.  Schalkis,  Report  ca  the  States  of 
prefect  AMOS  (1  January  - 31  Vacembm  1932),  USL 
Report  No.  1*8,  3 April  1953  (CONFIDENTIAL). 

CflMElDfcUTtAt 


target  strength,  and  propagation  loss,  will  now  ba 
discussed  in  thnt  order. 

The  tijwe  of  merit  of  an  echo-tanging  system 
is  the  permissible  toss  of  the  system  uoder  a given 
set  of  conditions  in  obtaining  detection  and  is  the 
difference  between  the  power  source  level,  la 
Jb//1  pb  at  1 yd,  and  the  operational  minimum  de- 
tectable echo  level,  in  Ah// 1 pb.  In  cnlw  to  deter- 
mine its  souai  iigure  of  merit,  a ship  performs 
operational  maneuvers  at  sea  while  an  artificial 
echo  is  insetted  at  an  arbitrary  mage  and  bearing. 
While  the  sonarman  is  using  standard  scotch  pro- 
cedure in  locating  the  ‘ctget,  the  is  eel  of  the  arti- 
ficial echo  is  increased  at  a rate  corresponding  a 
the  closing  of  range  between  the  target  and  the 
searching  vessel.  The  background  cf  noise  and 
reverberation  is  the  actual  interference  against 
which  the  rennaru  would  have  to  work  in  locating 
a real  target; 

Table  1 


FIGURE  OF  MERIT  OF 
QHBa  ECHO-RANGING  SONARS  (25.5  kc) 
(Noise-Lknired  Conditions,  Ship  Speed  15  knots) 


QHBa  System 

Sourc  i 
Level 
at  1 yd 
(dV/lfth) 

Minimum 
Detectable 
Echo  Level 
(db//lftb) 

Figure 

of 

Merit 

(db) 

Average  (!951) 

107 

-24  ft  8 

13!  tB 

ViREEKVOCD 

106 

-15  ± i 

121  t 3 

MALOY 

111 

-31  ±7 

142  * 7 

Tri-B-nm,  MALOY 

123 

•37  ±6 

162  t6 

Table  1 presents  the  figure  f merit  of  QHBa 
echo- ranging  sonars  at  25.5  he. 7 The  sonar*  ate 
noise-limited,  and  the  ship  speed  is  15  knots.  The 
las'  column  lists  the  figure  cf  merit,  which  is  the 


3 The  figure-of-meru  measurements  repotted  in  ibis 
paper  vrre  obtained  by  the  following  USL  staff  mess- 
be. e F.  S.  White,  Jr.,  W.  B.  Earley,  Jr,,  R.  F-  Baiiae, 
aad  G.  T.  Adkins- 


57 


n’lr,  «i-.i  . - ■.  ■<  .'---i.  u 


ka  }.  I»1  . nv  »!■  Ji».  A , . .»« ih. 


’ r’T:irrmz 


Table  2 


news  OP  NEWT  CP  BOK>-RANGOtG  KXtARS 


(Noiss-Liniisd  O 

lafitbmq  Skip 

•415  basts) 

lam 

MMmau 

Pigare 

Syvtsm 

Frequency 

Lmd 

Patactalla 

sf 

(kc) 

mi  1 yd 
(dV/lpW 

Bcha  Level 

(dV/lpM 

Hri< 

(db) 

SQ3-11  (NAVMAN) 

25.5 

112 

•20  *7 

132  ft  7 

(O’BRIEN) 

23.5 

112 

•N  th 

lRi< 

SQS-1  (WUJCB) 

Ml 

122 

•20  ft  2 

142*2 

SQS-4  (VIYtiK) 

I4.P 

117 

•29  t 4 

146  *4 

(KRAUS) 

14* 

117 

-31  *9 

149  tf 

SQS-5  (SITEX) 

SO* 

120 

•27  4 7 

147  i 7 

dlffetcvt  between  tbe  wwce  leer!  end  tbe  mlni- 
■u  detectable  echo  level  obtained  under  opera- 
tional conditions.  Tbe  average  figure  of  Merit 
based  on  27  ships  Is  shown  on  tbe  first  line.  A 
poor  system  on  tbe  GREENWOOD  sad  n food  spa- 
cer* tbe  kALOY  are  also  shown.  The  GREEN- 
MOD  is  9 db  poorer  than  tbe  average  in  -1"1— » 
detectable  echo  level,  whereas  tbe  MALOY  has  a 
J-db- better  source  level  and  n 7- db- better  ■inianaa 
detectable  ed»  leveL  Tfte  Tri-Beam  urkHfi  cation 
uses  three  beans  on  transmitting  and  speeds  g) 
tbe  audio  etearcb  ate,  thus  achieving  e figure  of 
aerit  which  is  30  db  better  than  tbe  average. 

In  Table  2 the  figure  of  Merit  of  sonar  systems 
at  other  frequencies  is  shown.  The  SQS-U  is  es- 
sentially a higher-powered  QHBa  vlth a 5-dfc- better 
source  lew*  and,  hence,  a Vdb- better  figure  of 
merit.  Tbe  SQS-1  has  gsiaed  approri mutely  10  db 
through  an  improved  source  leveL  The  SQS-4  at 
14  kc  achieves  its  high  figure  of  suit  through  a 
higher  source  level  sad  a somewhat  lower  opera- 
tional minima*  detectable  echo  level;  the  abips 
shows  here  are  believed  to  he  unusually  quiet.  Tbe 
10-kcSQfri  also  baa  a high  source  level.  It  should 
be  repeated  that  since  (be  figure  of  merit  it  tbe 
permissible  loss  in  achieving  detection,  a low- 
frequency  system  will  obtain  a greater  mage  thee 
that  of  a higher- frequency  cyrtcm  of  dr  a imr  fig. 
are  of  ortit,  This  is  so  because  the  propagation 
kiibtbe  ustuli  greater  tbe  higher  tbe  freqaeary. 

Target  strength  is  tbe  second  hector  oaed  lor 
range  predtetioa  coiuputatioas.  The  curve  sbowu 
ia  Fig.  1 is  a composite  cf  data  obtained  at 
ptotimttijr  25  kc  thremgh  Frairct  MYSTIC  and  by 
the  Columbia  University  Division  of  Wet  Research. 


Pip.  1 • Idaotet  T«rj«t  Strength.  a*  29  kc,  vs. 
bhartm  Tarsst  Aa«ct 
(Prvlsct  MVSTIC  and  WOW  Dalai 

The  meager  data  reported  at  lower  frequencies  tm 
sot  k dioagreeneat  with  the  lwforamrioa  ia  Tig  h 
The  target  strength  ia  sera  at  be  25  db  at  been 
aspect  nod  9<S>  at  bow  aspect.  Them  is  a stuat'krd 
deviation  of  i5  db  at  say  particular  aspect. 

The  third  factor  used  is  pitdlctlaa  cf  rsagwi  is 
propagation  loss.'  PtopagatSoo  losses  ate  c:m- 
pated  bom  tbe  frwmulas  and  charts  dsrivsd  :mna  a 
rmnrrj  of  the  extensive  Project  AMOS  mvwiMf 
meats.  Approximately  a quarter  of  a million  of /Jmse 
mecnarawats  wets  mads,  la  tbs  analysis  til  tha 
mesasrtmanta  tbs  folknriog  m*  found  to  he  dm 


gives  by  H.  » Mmrii,  Jr.,  mi  k tririkia 
Air  (apart. 


mtij  ila  Is 
he  *>dr  Aaf 


significant  factors:  ( 1)  depth  of  isothermal  surface 
layer,  (2)  water  temper  nee,  (3)  sen  sente  (wind 
farce),  (4)  depth  of  axis  of  depressed  sound  chaw 
eel,  (5)  depth  of  occur  bottom,  (6)  tenge,  (7)  depth 
of  sonree,  (8)  depth  of  receiver,  end  (9)  acoustic 
frequency.  Frequencies  of  from  2 to  23  kc  were 
corned  for  serious  sonree  end  receiver  depths 
ud  ranges. 

A definite  model  of  the  ocean  wee  ased  ns  a 
frame wotk  for  die  data  analysis.  According  to  this 
model,  several  modes  or  propagation  psfa  deter- 
mine the  loss  under  any  given  setof  circumstances. 

In  Fig.  2,  underwater  nomad  propagation  mmes 
associated  with  an  isothermal  layer  and  thermo- 
dine  are  sketched.  On  the  left  is  the  DT  trace. 
Zone  A is  the  tegioa  where  energy  horn  a source, 
say,  at  point  1 or  1 , teaches  say  other  point  by  a 
direct  path.  Energy  .caches  Zone  B by  way  of  at 
least  one  reflection  from  the  sea  surface  or  by  dif- 
fraction from  Zooc  A.  Similarly,  energy  reaches 
ZoaeC  through  two  or  more  surface  reflections  and 
diffraction  from  ZoneB.  L Zone  A the  energy  initi- 
ally fallows  a spherical  spreading  law.  By  the  time 
the  energy  reaches  Zone  C,  the  spreading  is  cy- 
lindrical. Two  other  mode*  considered  quantity 
tively  in  this  model  ore  propagation  by  way  of  in- 
ternal channels  and  propagation  by  wny  of  bottom 
reflection.  Tar  frequency-dependence  and  temper- 
ature effects  on  absorption  have  also  been  taken 
into  account. 

A s aspic  set  of  one-way  propagadco-loss  con- 
tours is  shown  in  Fig,  3.  Tory  hare  been  draws 
for  a frequency  of  8 kc,  a projector  depth  of  30 
feel,  and  environmental  conditions  consisting  of  a 
100-foot  layer  depth,  a temperature  of  50®  F.,  and 
a 0-2  ki  state.  The  axes  are  receiver  depth  in 
feet  against  range  >.4  kiloyards.  At  any  range  these 
curves  will  yield  propagation  loss  as  s function  of 
depth  under  the  specified  coo  h duns.  Such  basic 
chsrts  also  me  available  for  other  frequencies  and 
transducer  depths.  In  order  to  obtain  propagation 
loss  at  other  layer  depths,  temperatures,  and  sea 
states,  correction  charts  are  used. 

The  ulti state  test  of  any  theory  or  prediction 
technique  lies  in  a satisfactory  comparison  of 
ate  Mured  and  predicted  performance-  Comparisons 
of  this  type  are  given  ia  Figs.  4,  5,  sad  6.  In  Fig. 
4,  each  point  represents  die  mediae  of  m group  of 
homogeneous  data  with  respect  to  environmental 
condi tints  and  target  depth.  Each  gotp  was  ob- 
tained from  a series  of  lateral  mage  runs  or  paral- 


w 

...  \ 


FI*-  2- 


Usdsrwstst  Samtd  Pray  sgaHoa  Zone*  Assort* 
wMh  juhsail  Loyor  sd  TWmocIleo 


ivmm 


nwjmtt’iUtt 

rff/fi99Se»S|Bfl 
i«/;»5f5igasga» 
miw/xzzitMm 


nwnvsi 


•warm  oter«:  to  rt 
Laves  math.  no  rr. 


si  msu  o-t 


sank  m «to 


FI*.  3 - Prafifttm  Lsss  CrnkHti  (AMOS)  b»  4b 


Uv‘ 


i 

i 

1 

L 

— X 
/' 

7 

4> 

/ 

o' 

/ 

/ 

/ 

/ 

• MAIOV  OHS* 
a halov  raise  as 
■ SARTOS  QHS« 
o riERCC  OHS* 
o IMMM  CMOS 
a KRAUS  M»«-4 


MEASURED  RANGE  IN  A VO 


Fig.  4 • Comport  nn  of  M ssurod  ond  Prodictod  Rongos 
(P>lnt»  Rtptvaont  Modems 
of  Hswogowttss  Doto  Group*) 


59 


FI*.  5 • OfOnFo  EnliMtiM  Dtta  ( 1953)  hr  SQS-4  Sonar, 
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lei  sweep*  with  the  destroyer  moving  nt  about  1} 
bon.R<tM  were  started  it t different  lateral  range  3, 
naddetectfoms  were  wade  at  different  setaal  mages 
sad  target  aspects.  Although  aout  of  the  data 
platted  are  for  25.5-kc  sjrstcns,  there  was  a large 
opcend  in  figures  of  merit,  propagation  conditions, 
aid  target  depths  sad  aspects.  The  dashed  line  la 
the  loena  of  perfect  agreement.  The  open  triangle 
far  the  SQS-4  and  the  closed  triangle  far  4c  Tri- 
be«a  system  do  not  cone  spend  to  the  snore  enviroo- 
mental  conditions. 


The  Operational  Development  Force  has  pub- 
lished operational  evaluation  data4  far  the  14-kc 
SQS-4  sonar  system  as  installed  aboard  the  VITEK 
in  1953.  In  Fig.  3,  the  points  shown  for  probability 
of  detection  were  obtained  ’>y  dividing  the  number 
of  successful  parallel  sweeps  at  a given  rrmge 
and  target  depth  by  the  total  number  uf  tuns  at  that 
range.  The  USL  prediction  method  has  been  used 
to  compute  lateral  range  curves  for  conpariaoo 
with  the  swawred  point n.  Two  groups  of  points 
wete  plotted  by  OpDevFor.  One  group  was  de- 
scribed as  taken  under  mixed-layer  condition*  with 
the  target  above  the  thenaocline.  The  othet  grotp 
was  obtained  for  s target  in  s moderate  thenaocline. 

Upon  examination  of  the  original  data,  typical 
figures  were  derived  for  the  environmental  condi- 
tions and  target  depths  for  each  group  of  points. 
For  ooe  group  s 70-foot  isothermal  layer  and  a 50- 
foot  or  periscope-depth  target  seemed  appropriate. 
For  the  other  group,  a 50-foot  isothermal  layer  and 
a 200-foot  target  appeared  to  be  the  typical  fig- 
area.  The  theoretical  curves  and  measured  points 
are  la  agreement  if  the  figure  of  merit  used  is  ictus 
alerted  value  of  165  db  instead  of  the  unalerted 
value  of  147  db.  Information  received  indicates 
that  under  the  conditions  of  the  repeti  tive  lateral 
range  tuns,  awareness  of  the  target  bearing  is  to 
be  expected. 

Figure  6 compares  predicted  and  measured  per- 
formance and  consists  of  data  obtained  on.  the  very 
recent  aatknbmariae  warfare  develcptacat  exer- 
cise, As  Dev  Ex- 1.  hi  this  exercise,  a convoy  escort 
screen  was  composed  of  alO-kc  SQS-5  sonar  aboard 
ike  V7TEK,  a 14-kc  SQS-4  sonar  aboard  the  KRAUS, 
a 24-kc  SQS-1  sonar  aboard  the  WILKE,  a 25-Vkc 
SQS- 11  aboard  the  HARMAN  and  die  O'BRIEN,  and 
a 25. 5-kc  QHBa  aboard  the  GREENWOOD  and  the 
GOOLBAUGH.  The  ships  were  under  the  command 
uf  CAPT  S.  D.  B.  Merrill,  who  famished  the  range 
prfkuamnrr  data  and  the  associated  BT  informa- 
tion. The  sutmariae  target  aspects  were  obtained 
from  range  recorder  traces.  The  target  depths  are 
not  kaown  at  this  dne.  However,  the  pairs  of 
points  shown  in  Fig.  6 nt  n given  range  are  plotted 
far  each  system  far  periscope-depth  and  200- foot 
targets.  Two  geoend  type#  of  environmental  coo- 


* See  St  dmfto*  of  «*o  AM/ SQS-4  Somm  fU*I  report 
an  Protect  OP/S3&/966,  prepared  mi  submitted  by 
Cam  islirr  Operational  Development  Force,  7 December 
1953  (CONFIDENTIAL). 
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EXPECTED  RANGES (KYD)  OF  ECHO-RANGING  SONAR  EQUIPMENTS 
(Siburiat  Target  M Riedw  Aqttrl) 


System 

Ftejueocy 

(kc) 

Fifare 

of 

Merit 

(db) 

Hull-Mounted 

YDS  (125  h) 

fallow  | Deep 
Target  j Target 
(kyd) 

Sbilkprl  Deep 
Target  1 Target 
(byd) 

ora.  S*“d"d 

25.5 

151 

1.7 

L5 

2.3 

L7 

® D Tri-Beam 

25.5 

151 

2.0 

2.0 

3.2 

2.4 

SQS-11 

25.5 

155 

IX 

1.5 

2.4 

L8 

24.0 

142 

2.2 

l.R 

2.7 

2.0 

SQS-1 

20.0 

142 

5.0 

2.2 

5.2 

2.4 

SQS-4 

14.0 

147 

4.1 

2.8 

4.6 

5.4 

SQS-5 

U.O 

147 

5.0 

3.0 

5.7 

3.9 

CocxUdMi 


Speed:  S5  kt  Layer  Depth:  100  (t 
Vmm  Trap:  50°  F.  Sea  State:  2 


dltions  were  encountered,  namely,  70-  loot  to  150- 
foot  isothermal  layers  and  0-  to  50-foot  layers.  It 
say  be  seen  that  the  lower  frequency  systems 
hart  a tremendous  range  advantage  in  the  deeper 
Isotbenanl  layers.  Under  ncgadvc-grcdicnt  and 
ahal'ow- layer  conditions,  where  downward  bend- 
ing of  rays  is  important,  both  types  of  systems 
seem  to  perform  equally  well  with  respect  to  range 
performance. 

In  order  to  compare  system  performance,  the 
prediction  technique  auiy  ht  used  to  compute  ex- 
pected ranges  (or  nil  the  sonars  under  the  same 
hypothetical  environment.  For  this  purpose,  n 100- 
foot  isothermal  layer  with  50*  F.  water  and  Sen 
State  2 bbve  been  considered.  In  addition,  10  db 
were  added  to  the  figure  of  OKrit  of  a hull-mounted 
sonar  to  provide  m estimate  of  the  figure  of  merit 
of  an  equivalent  sonar  at  12S-bct  depth.  The  im- 
provement in  range  shown  in  Table  5 for  the  deep 
aomar  io  due  to  an  isqno^ement  in  noise  level 
ratber  then  pn^apidn^kiu.  The  figures  of  merit 
for  the  hull  mounted  sonars  are  also  shown  in 
Table  5.  It  should  be  noted  that  the  same  figure 
of  aterit  at  different  frequencies  results  in  u range 


advantage  at  the  lower  frequencies.  For  this  pur- 
pose the  data  for  the  10-  and  14-kc  systems  and 
the  20-  and  24-kc  sy  vlems  should  be  examined.  A 
range  advantage  of  approximately  2 to  1 can  be 
realized  by  an  equipment  at  10  kc  over  one  at  25 
kc  with  z.:e  same  figure  of  merit. 

In  conclusion,  fignre-of-merit  measurements, 
target-strength  daps,,  and  the  Pro)ect  AMOS  propa- 
gation analyses  appear  to  be  valid  in  predicting 
rarges  for  sonata  under  various  condition*,  Pre- 
dicted and  measured  ranges  have  been  shown  to 
compare  fa"  Drably.  Wh-n  such  ranges  are  cem- 
ented, it  is  found  that  for  different  systems  under 
the  same  environmental  conditions,  s 10-kc  sys- 
tem can  achieve  approximately  twice  the  range  of 
m 25-kc  system  having  <fce  same  figure  of  merit. 

It  is  of  interc'it  to  note  that  lateral  range 
curves  computed  by  means  of  the  USL  prediction 
technique  played  an  important  role  in  the  recent 
AaDevE*>I  exercise.  Using  these  curves  ns  s 
basis  for  convoy- cacort  screen  design,  CAFT  Mer- 
rill achieved  aa  unusual  record  of  submarine  de- 
tections, it.,  at  least  75  per  cent  of  the  oppoe- 
(unities,  subject  to  the  umpire's  final  decision. 
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STUDY  G 

EXPECTED  OPERATIONAL  PERFORMANCE 
OF  ECHO.RANGSNG  SONARS  AT  • KC  AMD  14  ICC 
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INTRODUCTION 


This  analysis  concerns  the  prediction  of  ex- 
pected ranges  for  8-kr  and  M*kc,  hull-mounted, 
echo-ranging  sonars.  Such  sonars  are  currently 
being  installed  aboard  Fleet  destroyers  under  the 
SQS-4  series.  Range  performance  calculations  have 
been  carried  out  for  four  figures  of  merit  (140  db, 
150  db,  160  db,  and  170  db).  The  equipment  figure 
of  merit  of  an  echo-ranging  sonar  is  defined  as  the 
difference  between  the  source  level  and  the  mini- 
mum detectable  echo  level. 

Previously,  a similar  analysis  of  AMOS  propa- 
gation-loss data  was  applied  at  5 he  and  10  fcc  for 
various  BT  code  classes  for  three  submarine  oper- 
ational depth  intervals.1  Since  that  time  a more 
complete  and  more  detailed  study  of  underwater 
aound  propagation  has  been  completed.3  Since  the 
date  of  the  original  report,  there  hti  also  been  a 
moce  specific  requirement  for  information  on  ex- 
pected range  performance  in  the  8*  to  14-kc  region 
for  the  SQS-4  sonar.  The  present  study  supersedes 
the  ioftonation  pre  riou&ly  reported.  In  particular, 
bottom  reflection  paths  have  bven  found  to  be  less 
laqrortosc  than  was  thought  to  be  the  case. 

COMPUTATION  OF  PROBABILITY  OF  DETECTION 

Probability  of  detection  was  computed  for  a 
hull-mounted  sonar  h r layer  depths  of  16,  64,  196, 
nd  62?  feet  for  the  average  surface  tempernterr 
for  each  ot  four  months  of  the  year  in  die  region 
30*  N to  40°  N latitude.  These  probabilities  were 
computed  for  shallow  (49  feet)  and  deep  (484  feet) 
submarine  targets.  The  probability  of  detection  is 
defined  sis  the  percentage  of  time  that  the  ecbo- 

*$ee  Appendix  D,  USX.  Report  No.  188. 

*See  Study  ,1  of  mix  repett. 


sign*-)  excess  is  pttnr  Oms  or  equal  to  ano.  The 
ccmpotatioa  of  the  echo-sigaal  e sees  a tarttarim 
requires  a knowledge  of  the  statistic*  lor  props 
gatioa  loss,  submarine  target  strength,  and  equip 
meet  figure  of  smrit. 

The  pie  sent  computations  are  hassd  ea  the 
analysis  o£  AMOS  propagation  data  into  depsadencs 
on  layer  depth,  temperweme,  sea  state,  protector 
depth,  receiver  depth,  taage,  fopsscy,  and  water 
depth,  is  sdditioa,  empirical  bstroxwloas  dan  mute 
used,  together  with  a sold  ftl  apeeviar  reflection 
paths,  in  order  to  cmapute  the  tqcctri  pxapaga- 
tiun  loss  for  this  awde  of  propagation 

The  aedira  target  xtreugtlt  for  a submarine  m 
ranira*  aspect  was  taken  as  14  db,  a value  uni  cl. 
is  is  agreement  with  the  present  knowledge  of  sub- 
marine target  strengths  a 18  Ic  ami  25  kc.  Thi 
figure  of  men;  was  considered  m»  be  n pcraxneter  ii 
computing  expected  range  carves.  Foer  different 
values,  namely  140  db,  150  db,  160  db,  and  170 
db,  were  used.  On  the  basis  tf  previous  caperieat  e 
with  similar  operational  analyses  nt  QMB*  sd 
SQS-4  ecbu-rasgiag  sonars,  12  db  was  token  as  the 
expected  -rvet-all  standard  deviation,  aed  the  rig- 
nal  excess  was  considered  to  be  umwmdly  d*eh> 
rxed. 

Sample  carves  of  resulting  probability  ridttie- 
tiea  versus  range  ate  shown  in  Fig.  1 for  • kc  rod 
in  Tig  2 far  14  kc  tor  the  shallow  ivinariae  op  cr- 
ating depth  and  6m  figures  of  nerit  of  140  dh  rod 
170  dh  A>  these  frequencies,  U may  he  seen  that 
bottom  reflected  echoes  may  become  important  lot 
negative  sound- velocity-gradient  cond- tines,  eipe 
ci'dly  when  equipment  with  a figare  if  tarit  of  170 
db  or  greater  is  used.  A water  depth  ef  2000  5m 
and  an  average  temperature  of  JO"  F-  over  the 
depth  of  the  ocean  were  used  is  these  computa- 
tions. 
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30*  N to  40*  N bcyood  the  lOC-fsthoai  line  wo* 
made.  About  oar-third  of  the  card*  la  the  USL 
North  Atlantic  EiTiioaacaul  Data  IBM  Card  File 
fall  la  this  regies.  Thia  compilation  could  then  be 
coaaidered  a represented  re  s sapling  of  the  opera* 
taooal  minaamt  withia  which  toj^ama  aader 
imlnuioB  are  expected  to  perfons.  A tabvtar  wv 
aarjr  of  these  statistics  is  given  ia  Table  I. 

EXPECTED  RANGE  AS  AN 
OPERATIONAL  SONAR  PARAMETER 

Gwpatarioas  of  pobabilitf  of  detection  were 
wade  for  fixed  raages  of  3.  6.  12,  aad  IB  kyd  for 
each  oltbe  c las  si  lie  xrioo.  coaaidered.  For  the  pur- 
pose of  classification,  0-  to  36-foot  layer  depths 
were  assigned  a valae  of  16  feet  for  coayutatioa 
of  probability  of  dctectioa;  36-  to  144-foor  layer 
depths,  the  64-fctot  valae;  144-  to  324-foot  layer 
depths,  the  19 6- foot  valae;  aad  greater  thas  324- 
foot  layer  depth*,  the  625-foot  valae.  The  expected 
probability  of  detecdoa  was  the*  obtaiaed  for  each 
of  the  fear  typical  iaoath*  of  the  year  by  weightlag 
the  probabilities  ia  each  class  by  the  kreqaeacy  of 
•ccwrrate  la  this  class.  lAcaevet  the  probability 
of  draectioa  far  the  boetOM  reflectioapath  exceeded 
that  of  the  direct  path  for  aay  class,  ha  valae  was 
ant'd  aad  weighted  hy  hr  hcqaaacy  of  occwrtsce 
of  that  aavhs— ratal  class. 

The  sapected  rage  was  theo  oftrised  os  that 
raoge  ooweapordiag  teat  least  50 per  ceat  weighted 
probability  of  detecdoa.  This  area  dose  for  each 
sMoch  far  acoustic  freq* tacks  at  g aad  M kcP  far 
flgares  af  ausfe  of  140,  150,  MO,  aad  170  db,  aad 
for  shallow  aad  deep  sasiatiniail  awbaeeriac-d-Mh 
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clacacJ.  The  monthly  value?  ot  eipecttd 
were  then  plotted  as  shown  io  Figs.  3 through  t>. 

DISCUSSION  OF  EXPECTED  SONAR 
PERFORMANCE  OF  d-KC  AND  HKC  SYSTEMS 

In  Figs.  3 through  6,  the  expected  range  la 
seen  to  have  a minimum  in  July  and  a maximum  in 
December  and  January.  This  behavior  reflects  the 
large  number  of  negative  temperature-gradient  and 
shallow  isothermal-layer  patterns  in  the  summertime 
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FI®.  3 - Monthly  Expectod  R onfl*  of  DshcHw  cf 
Shallow  Submarines  MF)  o»  8 he  In  th* 

Ncrth  Atlantic  Area,  30°  R to  40°  N 


Fig.  4 - Monthly  Expected  Rang*  *f  Detect!**  of 
Deep  Submarine*  (484*1  at  I kc  In  tha 
North  Atlantic  Area,  30*  N to  40°  N 
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Fig.  S - Monthly  Expected  Rango  or  Detection  of 
Shallow  Submarines  (49*)  ot  14  kc  in  th* 
North  Atlantic  Aroa,  30*  N to  40°  N 
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Fig.  6 - Monthly  Expected  Rang#  of  Detection  of 
Deep  Submarine*  (484*)  ot  14  kc  In  the 
Ncrth  Atlantic  Area,  30*  N to  40c'  N 

and  the  luge  number  of  deep  isothermal  layers  in 
the  winter. 

The  effect  of  submarine  operational  depth  is 
such  that  expected  ranges  for  shallow  submarines 
have  greeter  yearly  excursions  than  those  far  the 
greater  depths,  for  both  the  8-kc  and  14-kc  data-in 
winter,  the  deep  submarines  art  less  apt  to  be  de- 
tected by  hull-mounted  sonars  than  are  the  shallow 
submarines.  In  su.nK.er,  the  situation  is  not  quite 
so  clear-cut. 

In  general,  operational  ranges  improve  with  in- 
crease in  figure  of  merit.  However,  the  improvement 
is  most  noticeable  against  shallow  submarines  In 
the  winter. 

The  effect  of  acoustic  frequency  on  performance 
maybe  seen  from  tbs  chart*,  which  show*  hat  equip- 
ment with  a figure  of  merit  of  l€0  db  or  f>  kc  has 
virtually  the  same  pet  form  nice  as  equipuanc  with 
a fig  tee  of  merit  of  170  db  at  14  kc. 
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MTRCOUCTION 

In  naay  •*«>  ptHhii,  »j  acdiadi  arc  cow 
wxl  KCMMe.  Evrci  ia  the  link  of  high 
fregacacy,  fvJ  employing  sioyir  fnmnlaa.  these 
wriMp  loco  Mlilty  at  loo  freqaeaciee  or  htenM 
of  laade  goose  aaw/iciS  ((Swan  let  interpreting 
dwa.  Vt  sbaK  givt  canttion  term*  whiHi  permit 
» esteaaiaa  of  ray  ardwili  to  lower  frequencies 
(ttd  at  ibr  uut  «Mt  provide  ra  (cihtci^ni  of  tkc 
viilUttjr  ov  Ar  M^k/ttacr  Unit),  sad  also  o' 
fceifi  wwi  nwM  formula*  mw!  rtatilcil  kIkimi 
U>  cry  tracing  and  tbe  qtaiMitMlrr  eoaiawtiew  of 
refraction  ‘*preadfc*g)  aid  1 

Fl*«£A-ATtCN  OF 
THE  RAY  /WO  WAVE  THEORIES 

Tbrvagb  >*t  »t  roof'd*  “*■>  ' -.'iomo^.-cvo-** 

afiks  .u  wiiirh  die  phace  velocity  Miitu  ia  owe 
direction  only.  With  nspcc*  ,©  i girci  Caitcsiao 
fr"aw,  let  r,  hr  die  ph»»r  vision -if  r jfx  <n  'rj~ 
-red  c that  at  other  ^deu.  Tom:  t to  V infe^ra' 
eat  dr,  y io  tha*  c * cfii.  Define  tbe  ’«*d-«  of 
v f.articn  to  be 

a »•  c/c„.  (1) 

i>  wct.v  of  attgu?  ’*  ic^irry  tbr  wave 
oaonbet  at  tfre  origin  iti,(*  a/cj,  nod  tbs  crave 
amwbez  «»  ray  ;x-«o»  . i 

b * *t/t  ' <•.„/*».  (2) 


* Tkic  *Wy  njtyieteif  t igfaetly  fi-'  UCI.  Terfjnk.  u 
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CLASSIFIEDS 

® Part  of  tfiic  owciil  *ai  taMtCe'.l  bp  tvnnta 
A.  Huiiil  Us  '*k)lffractioe  fcfect*  It  *m*  ***+*&><)** 
of  Comproeelonai  thm  'a  tbe  A*noiy4^r;v**  s>ophyo. 
lea!  bnowck  Ripn  No.  }. 


We  sbali  characterise  a Add  gait  P bf  lit 
Cartesian  raardbtatr  f*.  y,  *K  or  Its  ryliafrkd 
coor dinar**  fr,  A xi.  at  it*  paiar  raardlaataa 
fa.  4 01.  Oia  internet  will  he  > -'Tooted  to  onto  of 
ayawaetry  abort  tbe  a axis.  £a  tad  cooes,  At 
ware  potential  (of  ainpty  hnnwaalc  cant)  can  ba 
espreaaed*  ia  tense  of  cyllafiicni  waeeat 

d - r Ffcnie  da 

■ *./ Pfraic"*  ^ da  . (>? 

Ptow  tbe  rwy  goibt  of  view,  energy  troeaf:. 
timer* gb  rfw  Indiana  along  pM^a  frto'b'i  by  tbe 
etjeatloa 

A/tft  n a coo  (?»  . (4) 

;t**e  pu  >H  ladMot  x br  rtjr  « ibt  wigb. 
Then,  if  0 ia  tbe  incltaadna  at  any  point  «a  dWk/ 
s«y,  Sac’li* >c  Inn  ia 

co*  f •*  tea  0„  (5) 

‘'Aiait-ft  r'  giatioaa  (4)  nod  (5),  we  a way  unite 

t** 

r - I cot  ^dr’.  %4{ 

‘t  ic*  jtsvi  tuns  uetg  (bf ; ay  la 

I n/r  ai*«*>d{,  (*V 

r.idrti  nay  of  «*  ’*•  ertt",  •< 

■*»S/w» - i»  wf-u'-rf  w uy  ’5r  Ww  t "«■>*  ■(xnr 
lieu  by  flint)  » /^ifLitt  •t>'  »ib*Je  V c ootMibe” 
Uoaal  wave  (aacti.ii.  •njafonq 


AS 


c«l  ■»  rw  *r  J {*n  $/»)  (8) 

We  iMf  interpret  the  progresoivt  diverges  ce 
of  a toy  nadir  as  a cofteapooAag  spreading  of 
wave  energy.  TUss.  (n  a ilapit  aoarce  behaving 
like  ttk*rfR  aeat  the  origin,  we  have  from  this 
point  of  view 

r‘.-l«u.9)  A/d9.  (9) 

as  the  ratio  oi  wave  intensity  at  salt  distance 
(ten  the  origin  to  dr*  intensity  e«  other  points  on 
the  ray. 


ASYMPTOTIC  CEV2L0PMEWT 
OF  THE  WAVE  FIELD 


EfMiw  (91  wl  break  doer*  when  fV t2  Is 
mmI  !m  order  w>  investigate  this  aiars  a,  we 
way  apQMtd  to  aa  asymptotic  dtwlefavt  of  Ef» 
doa  '*>.  It  is  asssNcd  that  Pf«)  to  bet  slowly 
vsxyiag.  CaasM etifcg  m easeeiAes  of  ike  wetkod 
of  starioasry  phase,  write 

#<nl  - 4,(nr  - w frv  *)J 

• + fo  - v*l  t fv  « a*)1 

♦ <»> 


ae  tfu  Tayfior  series  for  t*»*  Ae  H«  «#• 
Thea 

- W-Mo 


» * ‘■d't 

, m . 

$w  * “ ^•►'o 


(10 


IV  oariawvy  point  **  Is  Ae  soiswa  of  Ae 
wgmdlaa  ^ * - 0 - Tjtwfcw, 


* 

t *• 


(12) 


Etyiadoo  (12)  is  simply  Ae  equation  of  Ast 
ray  far  which  m *»  cos  9#.  Now  ia  Equations  (11), 
r end  x are  fixed.  If  we  write  r#  br  ’ir/i  cno 
where  r satisfies  (12)  esJ  x Is  held  coos  tart,  we 
thea  have 


0.  -o»#» 

(13) 

Here  ^ tarns  out  to  be  Ae  travel  date 
along  Ae  ray  ia  question,  sod  the  "ray  intensity,” 
Eq.  («?)«  is  s haply  related  to  Ae  rate  oi  change  of 
Ala  time. 

According  tu  Ae  sKthod  of  ristioosry  phase., 
we  caa  sow  write 

d “*  i,/**-  P(r  cos  0^ 

X f .<iio/ri(-V+(aVsir"lA  (14) 


The  psA  of  integration  ia  Eq.  (14)  im  w pass 
throagh  the  point  m * 0 sad  is  to  tetadusate  at  in- 
finity fat  sack  a suuuwr  that  Ae  integral  converges 
obeofately  for  general  values  of  A.r'oad  k0r".  We 
shall  presume  that  both  these  qaaatities  have  a 
asurilnowaegatfve  argument,  wiA  results  far  other 
wises  following  by  analytic  coariauarioos. 

An  appropriate  path  of  ivepurios  is  F,  ft* 
illustrated  ha  Fig,  L 


mjssg#  a mstygl  A|  -y 

iWriPtirm3 
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By  • liatac  of  it  variable  of 

lategradoa  a,  aad  aa  appeal  it  Cauchy's  Awnb, 
wgm 

4 ~ iVkSI**  *.l»(r  cos  $J 
x + »/*  - V **/*»  "’l 

x A**  ♦**'!*,  (15) 

•a 


#•) 


K o/S-to  -Vlr-1! 


x(s/12"»>  *,  If*y2)**  r‘“/r'#V,| . (17) 

Fat  large  1„  hit  la  aoypsotfcatty 


4 ~ W*/fr#l  **1  Pit  coo  ijflrtt 


(M) 


to  - T *»  e***4'*  fh.r'iVft.r")**,  (10 

awl  r'  la  as  ladies  ted  la  Fig.  2.  The  omm  Is 
Fig,  5 is  eqslvalcat  to  the  coo  tow  la  Fig.  L By 
coasideriag  the  coaoar  ia  Fig.  3 sad  refeniag  to 
Ac  appropriate  trfcies,4  it  is  band  that 


Fig.  3 • EgsivaleM  Csotoor  for  Path  a i latfraHaw.  V' 


which  is 
liait  (*.-»«).  This 


Let  4m  deoote  this 
swy  write  ia  geweral 


xk2\(k0/2)V*r'a/r"*'l.  (V) 


or  wridag 


o-V'/b''’,  (3D) 


4-4.IO-  <«> 

we  have 

/ fa)  - e*ia/l-Jor/ia/lv*ll/* 

(29 

For  a -»  — , lioplylag  high  fcegssodes,  /fa)  ■*  L 
Coaversely,  for  e -»  0,  twplyisg  low  Cregasoclsa. 
or  war  cos  trie  liars. 


4 TsUes  of  As  MsfMsi  Haahai  Poacdoos  of  Odor 
OaoThird,  Qawpatadsaa  Lshetsrorr,  Barred  Udre*> 
•Ity. 


/fa)  4 2»**  e*^1*  a»*/3w  HtfS)  , (23) 

sod  takiag  lose  secret  E+  (9),  # ia  this  ifoait  is 
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Ft*.  4 - Flf»MW«r  DlWrtHm  Ctmtitan 


4 - I**  »v*  *9Ut  a/)V*  T(2/3) 


“ 1/c.  If dr/d  com  9m)  coo  9m  + t 


x ^ !(*••  Ow/tm  <■«  9)  (24)  ♦ y m cos  9 (99/d  cos  dxj 


A *w?fc  of  f (a)  Is  fisco  io  Fig.  4.  It  is  to  be 
aosed  that  / is  indifimat  to  tbe  sigo  of  r~  sod 
thot  Ac  conjugate  saloc  of  J is  to  be  employed 
obso  r ' is  negative. 

A SIMPLE  METHOD 
OF  PREDICTING  INTERFERENCE 

The  exact  travel  time  along  a single  ray  is 
saldao  iapatau.  Oa  tbe  other  Wad,  tbe  differ* 
eace  of  traeel  data  along  iaterseedag,  and  brace 
interfering.  rays  is  often  of  iatetest.  A significant 
featnrt  of  ibis  interfere  ace  is  its  rbsagr  with  die* 
laace.  For  example,  tbe  spacing  between  iaterfer* 
aacn  anils  is  a swat  ealigbteaiag  fe store  of  the 


Refetriag  to  Ep  (8),  we  base  far  < 


x d cos  9Jdr 
- ros  9Jcm , 


where  we  base  also  used  Epa.  (5)  aad(6X  «e 
base 


d'l/dr*  - -(sis  9jcJ  ddjdr 
- rs  sia  8.  tan  Ff/c#  . 


Now,  except  sear  focasiag  regions,  f •*»  r'*t  no  that 
d*t/dr * will  aorawlly  be  negligibly  snail.  Thar, 
if  At  is  the  difference  of  easel  tinea  between  rays 
wiA  snores  iodiaadoas  (!„  $'m  the  change  in  At 
aser  a rhaage  Ar  in  distance  wfll  he  neatly 


dk/dkr  - (dt/d  coif,) d cos 


f Ar/c J [cos  f,  - cos  I,') . 
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TWirfwt,  the  apackg  brnma  prlaci  of  sheilas 
hmrfiMKt  cbncMtiMki  is  Marly 

(2eca)/w  leoe  #.  - cot  $'9\ . (31) 

TW«  apptsakamka  fie  valid  obw  f ~ r*  aad  whaa 
r » Ac.  It*  groat  adlity  con*  free.  dw  fact  that 
«J7  dw  toy  kcUaetiosa  at  the  soorcc  seed  bo 

la  caao*  ahm  f,  nf  at*  aearly  the  mm, 
At  kaclf  cm  Oc  baad  i^aplf.  Coa aider  A}  tin* 


FI#.  S » Tm  Key  Psdta  far  Ciamoliii  «(  Ti»»tl  Thac 
DlHmuei 


•adl  the  aayalar  diffe trace  9m  - 9^  is  eeady 
{49 J+)  r, . 

lie  ace, 

A#  ~ f|  ♦ (rj/c,;  dt/dt  - t*  ♦ rj  co*.  #*/«, . v30) 


Egaadaa  (30)  is  esefcl  whea  0.  - <£  is  mm U. 
Was  util  is  tree,  t\  cm  be  ctspatf  asiag  9,  la 
liea  of  $a,  so  Aa  the  actsal  sagle  f'  aeed  Meat 
eater  iato  the  caickatka.  If  greater  acceracjr  la 
repaired,  Eg.  (30)  caa  easily  be  tweeds  d as 
higher-order  tens*,  slid  will  kvoivc,  fat  etaagia, 
the  ray  iateasity  sad  Its  rates  of  change.  Theta* 
(are,  the  traciag  of  the  bask  mr,  together  wkb 
its  first  sad  secead  apace  or  rtgils  drrintiots, 
•rill  a easily  yield  cotgpletc  practical  lain  res  euea 
oa  refractioa  (ayeadm  diffrscdsa,  ad  is  1 arise 
eaco. 


STRATIFIED  MH)*  A— SPECIAL  CASES 


the  Ulas crated  ie  Fig.  9.  The  iraeel  i!m  differ- 
eacc.  asiag  Eg.  (8),  is 


At  - rj  cos  + (2/c*) I (ok  •'/*) 

♦ (I/O  /*  (sia  07,)  dC 

•Ml# 

-(Vo  f (dt  o/al  rj)  cos  f^/c, 


— r cos  d*/ca  • 


(29) 


Is  treadag  a probieai  iawirUi  aa  atbitraiy  lea 
das  of  rcfractioa,  it  Is  a seal  to  divide  the  awdiaM 
op  iato  strata,  ia  ew.li  of  which  a varies  ia  a sta- 
ple awaaer.  Ray  traciag  thea  coasists  of  apply 
kg  foMoko  to  get  the  kcaaewats  of  disaaev, 
navel  dee,  aed  iateasity  k each  alrMMa,  aad 
proper  cosbiaadM  of  these  to  yield  dw  properties 
of  the  cadre  ray.  Thea,  let  *t  be  the  thkfcwess  of 
the  id  stratss,  rt  aad  I*  the  kceaeaeata  of  dia- 
aacc  aed  travel  dat  k the  siiaiso,  sad  9/  the 
eagle  at  which  the  ray  eaters.  Thea 

r -Sr( , 


first  two  terete  represeat  the  travel  daw  t\  of 
aiotd  ray  k At  atodkaa  above  the  soorcc. 
receded cr  of  Af  Is  the  differeace  ia  daw  for 
>ayo  of  kclkedoadvl<  troverskg  the  sawe 
mm,  *o  diaiMcaa  t aad  r - rj,  respectively, 
is  aeariy 


(M/499)(9m-9i), 


t ” , 

r*  » - (r  sk  f/cn  d*)  l (d/41^  . 

Table  1 below  gives  torsades  which  apply  aa 
several  fonas  of  variotko  uic.Ii  the  tabic,  c;  ia 
the  velocity  at  the  pokt  of  eotry  of  the  toy,  aed 

Of  ia  e/c|. 


TlUf  I 


FORMULAS  AS  FLIC  A SLR  TO  VARIOUS  RAT  SHARES 


0 

r • 

U 

Bttavteil 

RmriRa 

>+«■ 

i % cat  K<fc+ 0/1 ) 

ll/c^jKtiak*!  taa  df-«lak*l  m Rj 

Utb 

L Vl 

4/e«af  ■<•(&- 4) 

(l/r^ea^-4^^JW  + 4*.»Vl«J 

R-foM. 

i/Jx  -,U 

(ass  •«*»  (s^sfo  R) 

Sto  :Jmv*r 

TABLES  FOR  RAY  DIAGRAMS 


to  |ive  Ae  foOowiag  nhilittd  yRdtn 


A «ci«fuUcA  which  areasefal  la  mchg  rajri 
throagb  stratified  Media,  in  oUch  Ae  separate 
inn  hm  coaauux  rrio.lty  |ndn  l3,  has  bees 
|Mtyar«d  oa  IBM  cqaigMeat.  Tkese  taVes  proridt 
twid  Jat,  ditnwx,  a mi  latmltf  lac  reseats. 
Eatry  iato  die  tables  is  tccstflisM  tVougb  Ac 
eagle  8m  oi  entry  of  Ac  ray  and  Ac  lades  of  if 
fraedna  m.  Divided  diffeivacea  are  pmlJed.  Lfav 
est  iaterpclation,  tthg  these  di  (foresees,  will 
glee  saffldeat  accaracy  foe  ami  par  poser.  The 
tables  cover  the  raag~»  for  90  la  *t frees. 


*•  - 


110.112 

2(0.2|$ 

5 10. 5] 10 


a - L 00002  (0.09002)  LOO 2 
L002  (0.002)  L01 
L01(0.01)  LI 


-I.  0.  1 


0|  : COS  9t  me  COS  0J, 

p 5 «*  ♦ 0tV2) 

r i (slab" 1 taa  J,  - slab* 5 taa  $xV(m  - 1) 

9 ; p/ais  l(  eta  d,  . 

'Jsiag  ri*se,  sad  Ae  sotartaa  of  the  prsrsdlag 
seetba,  we  have 

* ~Xp/*i . 

t «(!/<•>  Xi|S|. 

f*  -(ala  9 ala  #s»/t»s2  I,)  S«A . 

la  tabalat  d fasn  er  ea  ZBM  coeds. 
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AMOS  LOW-FREQUENCY  DATA- ANALYSIS  METHODS1 

hr 

T.  P.  Coivdpon  wd  J.  F.  Kelly 


AJMVi  LOW-FREQUENCY 
OATA- ANALYSIS  METHODS 


WOTROMKTN1N 


MKTNOD  9P  AMAPASIS 


A UockiV^MB  at  the  Mtfrit  »y»iiw(fiK 
la  Fif.  1.  The  parser  ai  At  eyetea  is  as  receive 
Ac  IssMeil  signal  last  19  atwrw  heads  mi  as 
. plot  of  pit  seen  level  as  a fcw 

that  el  *e  lagarifho  at  he  ns |<  fat  each  head, 
la  tpHMim,  (he  signal  i«  M bn  At  si|a«ic 
(age  la  tea  fillers  sad  rhea  is  wsigsd  hr  (km 
aecaade  la  the  rectifier  avenger*.  The  awnytd 
psiper  at  each  filter  ia  rhea  W as  see  pesMea  si 
a Bell  Teicphaac  rteppfag  » elect,  which  is  driver* 
at  sash  a rate  that  a glees  filter  awtpot  ia  taapM 
pace  every  JO  matii.  This  is  rgsitsltaf  a a 
range  iacroaeat  of  1)0  Is  290  yards,  degrading 
spaa  the  speed  of  the  tt— — itthjg  ship.  The  slg- 
eel  far  each  filter  is  thca  fed  ts  a Veat  rca  Electric 
4A  Graphic  Laval  llccsedet,  dorr  a phseeelectric 
tesdhtg  head  attached  ts  the  racetdet  shaft  owe- 
mts  the  voltages  ts  a discrete  aaaher  af  p alee  a, 
which  ate  fad  is  a hisary  coaster  sad  Badly  ts  aa 
IBM  9— araty  Peach.  Theta,  the  everted  erapat  at 
each  fille  r la  paadbtl  late  aa  SVM  caed  aa  the 
wteppiag  switch  Mates.  Altar  the  cards  at*  pose- 
eased,  they  are  fee1  a as  X-Y  Ptmer,  sad  the  tad 
leawit  Is  a plat  of  teas  J pm-  tart  level  ia  dtdlwia 
relative  ts  am*  dyne  per  u attaint  a geared  as  a 
faacrise  at  As  hpatMa  at  the  reage  far  each  ai 
the  tea  fjegraacy  beads.  Moat  af  thr  ZB  statfaa 
taker  ts  date  hove  bee*  pipe  sated  by  the  system. 


lU 


Anatfil*  Sr 


h 

of  the 


RESULTS  OF  ANALYSIS 

order  to  ladlcm  toot  of  the  geaerai  reooiu 
aaalysie  oadt  to  Amo,  propagadoa  cwreee 
«t  itatiom  atdc  at  fairly  widely  separated 
mm  la  the  North  Arfaadc  Oceaa  will  be  pee- 
L The  m>de  of  f-rapagadoa  beat  wy haalaad 
ne  correa  la  that  responsible  for  Ac  fad 

SOUND  VELOCITY  IN  FT/ SEC 


which  occor  at  70-kiloyard  laterntla  la  the  sea 
rta  prctloaa  V the  North  Atlantic  «af  Fad 
Oeean  aad  at  charter  ratgaa  « awre  aocahe 
letitadeo.  The  correa  are  yreiented  yrhaerMy 
abre  the  eariariaa  of  raage  to  lit  focoa  with  f 
graphical  lecadea  aad  the  rarinrlaa  la  aigaal 
cmat  at  the  facee  with  hrfwarf. 

la  Fl|i  2 are  ahava  the  wad  rrlarlty  h( 
profile  aad  a propagation  plot  ha  a atatiaa  tel 
at  6**  aotth  ladtode  aad  01**  treat  lowgltwd  i la 
Aagaet.  Ray  calcrtlaboaa  ladlicaie  that  tape  barvag 
m larliaaboa  of  leas  thaa  0.*®  hoar  a aaaree  a 
depth  of  90  feet  would  be  refalaad  la  the  ahall 
redact  layers  Those  haring  inclinations  betwt 
9.9°  rad  10°  woold  be  refracted,  doaa  lata  i 
layer  terweea  the  bottom  of  the  SOFAR  choa 
(la abed  liae)  aad  the  e»a  battaai  aad  weald 
ttara  to  a bydrophoae  at  a depth  of  50  fret  at  taa| 
of  between  49  aad  9)  kikiyarda;  the  fecoa  pi 
weald  occwr  at  46  kiloyatds.  Rays  with  ladl 
tions  greater  thaa  10®  weald  reflect  iaa  the  ae 
bottom  aadwoald  be  received  Mall  roggoo  batwi 
die  aaotce  aad  49  klieyetda.  The  ggpeeaeae 
tweca  .the  predicted  aad  ohaerred  feewa  raage 
the  freipieacy  band  ccatcred  et  3600  epa  la  gaai 
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D"f*  lot  Fig.  3 were  obtained  oa  a atatioo  lo- 
caied  7®  north  of  the  previous  one,  at  750  north 
latitude  end  01®  east  loagltrde  during  July.  R,y 
calculations  (m  this  situation  indicate  that  rays 
havi*«  inclinations  of  1.1®  to  12.5®  at  the  source 
depth  would  refract  hade  to  a depth  of  50  feet  at 
ranges  of  between  27  and  46  kiloyards.  and  the 
predicted  focus  peak  would  be  at  29  kiloyards. 
*****  •***"»  there  Is  good  hgreewent  between  the 
predicted  focus  at  29  kiloyards  and  the  observed 
peak,  which  begins  at  31  kiloyards. 

Figure  4 contains  data  taker*  on  a station  well 
south  of  the  other  two.  at  .6®  north  latitude  and 
70®  west  longitude  during  April.  The  Mk  4(v)  baa- 
■ethos,  which  was  used  for  this  station,  does  not 
have  so  great  an  output  as  dees  the  siren  used  on 
**  previous  two  stations.  Is  this  instance,  the 
predicted  focus  range  is  70  klloywda  and  the  ob- 
served peak  occurs  at  69  kiloyards.  Although  this 
focus  appears  to  be  weaker  than  the  other  two,  the 
tutol  loss  fraa  2 kiloyards  to  the  Ideas  is 
■ately  8 to  10  db  less  than  ia  the  previous*  two 
cases,  and  the  apparent  weakness  is  caused  by  a 
lower  source  output. 

These  three  stations,  for  which  focus  peaks 
occurred  « 48,  31,  and  69  kiloyatde,  respectively, 
la  the  band  fraa  3200  to  3800  cps,  did  tnt  evhiMt 
a Marked  focus  at  all  frequencies.  For  purposes  of 
comparison,  tke  propagation  plots  presented  ia 
Figs.  2 through  4 are  repeated  la  Figs.  5 through 
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7,  rccoopaaied  by  a plot  for  a 100-cps  band  cen- 
tered ut  250  cps. 

Figure  5 represents  the  station  where  the  focus 
was  observed  at  48  kiloyards.  Although  there  is  s 
rise  ia  level  of  approriwately  20  db  fo*  the  bond 
centered  a t 3600  cps,  no  Miked  level  increase 
occurs  at  250  cps.  The  saae  type  of  frequency 
behavior  is  observed  for  the  second  station,  as  is 
shown  in  Fig.  6.  In  Fig.  7,.  however,  the  rise  at 
the  focus  is  soaewhat  more  pronounced  si  250  cps 
than  it  is  st  3 600  cps. 
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N#  evplaii  trtoa  Ik  the  I^mImkc  o I lacas 
laWHlqr  oo  infancy  1«  ■fftwl  m fitwn,  bat  It 
la  hrrrrrrtiag  «a  aatc  that  the  fttfwty  head 
thick  heat  daw  ap  a facaa  la  aot  always  the 
lowest  owe.1  it  Is  hoped  that  aa  aaalysls  af  explo- 
de* paisas  asad  la  coa|aaetioa  with  th*  slreo  sad 
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Me  4<e)  hsaanhoi  darlag  these  nptrisnts  will 
shed  sow*  light  oa  this  behavior. 

The  AMOS  lowfreqaeacy  pragt—  hsc  reached 
a stage  where  a ashstaatlalawbai  of  esperiweatal 
scot  leas  hsee  bees  occupied,  sad  the  data  ftow 
km  of  these  stadias  have  bees  processed.  The 
prspegsdea  carves  are  aaw  befog  iaterpaettd  la 
the  light  of  eaviteoweocal  factors.  However,  la 
order  to  ahrla  the  statistical  averages  which  will 
be  required  lor  a practical  appilcatloe  of  the  data, 
a each  larger  aawbrr  of  addldoasl  atadoas  will 
be  required. 
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COMPARISON  OF  COMPUTED  AND  MEASURED  INTENSITIES 
FOR  PROJECT  AMOS  NOISEMAKER  MEASUREMENTS1 

*»r 

T.  P.  CWnw,  D.  L Ctii,  J.  F.  Kelly 


Theoretic*!  intcosity-vetsus-range  plot*  have 
been  computed  for  one  set  of  Project  AMOS  deep- 
water, low-frequency  measurements.  The  Bowed 
field  in  the  vicinity  of  caustics  and  the  bottom* 
reflected  field  ate  ir  eluded  in  die  computations. 
These  pilots  are  cavpwco  with  actual  propagtd  ti 
runs  for  wMcb  a brood-bend  noisemalcer  covering 
the  frequency  range  from  250  fs  8000  cps  was  used. 
The  observed  itneimities  ate  in  substantial  agree 
aaent  with  theory. 

During  the  propagatir-j  program  which  the  t n- 
der  «ter  Sound  Laboratory  has  conducted  for  let 
eiul  years  in  connetcion.  with  Project  AMOS,  a 
variety  of  acoustic  measuiements  hare  been  made, 
Of  these  measurements,  the  type  to  be  discussed 
in  this  study  will  be  those  in  which  a listening 
uhip  lay  to  in  deep  water  while  a transmitting  ship 
operated  a noisemalcer  and  opened  range  to  approx- 
imately 80,000  yards. 2 The  object  of  this  discus- 
sion is  to  present  the  method  being  used  to  inter- 
pret the  propagation  loss  observed  for  each  of  tea 
frequency  bands  in  the  light  of  ocranographic 
factors. 3 

In  general,  three  major  modes  of  propagation 
ate  responsible  for  the  behavior  of  the  observed 


1 This  study  was  delivered  as  t paper  rt  'he  Ninth 
Navy  Symposium  on  'Jnderwaiter  Acoustic*,  •'  the  Naval 
Research  Laboratory  in  June  11954  and  w«o  subsequently 
pubUnhed  in  the  January  1955  issue  of  die  Joutnol  of 
Umdorwalar  Acoustics. 

2 Thii  type  o?  tun  is  designated  as  a "ttttijt”  aid 
will  be  referred  to  as  such  throughout  this  study. 

3 The  method  which  was  nsedto  resolve  these  noise- 
maker  runs  into  plots  of  sign*'  level  versus  range  for 
tea  frequency  bands  was  discussed  la  ’’AMOS  f.ov- 
frequency  Data  Anal/sin  Method,”  by  Thomas  p. 
Cuadron  and  John  F.  Kelly,  a paper  delivered  at  the 
Eighth  Navy  Symposium  00  Underwater  Acoustit  a,  at  the 
Underwater  Sound  Laboratory,  19-20  November  1P53. See 
also  Study  I of  (he  present  report. 


signal  versus  range;  (It  the  direct  aoumd  field, 
’vhich  is  aiweys  predominant  at  the  abort  range 3; 
'2)  the  bottom-reflected  field,  which  becomes  pre- 
dominant in  the  region  beyond  the  direct  field;  and 
(?)  the  focused  field,  which  is  commonly  observed 
at  a range  of  about  60  kyd  in  the  sou  them  portions 
of  the  Nrnth  Atlantic  and  Pacific  Oceana  and  at 
shorter  range*  in  mote  northerly  latitudes.  For  the 
direct  sod  focused  fields  the  major  causes  of  sig- 
nal reduction  with  range  are  spreading  and  ab- 
sorption. For  the  bottom-reflected  field,  a Imundmjr 
loss  is  introduced. 

The  first  portion  of  this  study  will  deal  with 
the  bottom-reflected  field,  and  the  final  portion 
will  be  a discussion  of  die  focused  field.  Since  we 
are  primarily  interested  in  long-range  propagation, 
it  will  suffice  to  state  that  the  direct  field  termi- 
nates at  a range  of  approximately  4 kyd  for  the 
station  with  which  we  are  concerned.  Memmuati 
on  this  eta  cion  were  made  by  using  an  anderv'acec 
siren  in  1500-fothom  water  in  rtf  northern  la’twdea 
of  the  North  Atlantic  Ocean. 

Tb  ; expression  for  ratio  of  the  intensity  at  one 
yard  to  that  vt  any  <-r  it  in  the  medium  (Ee.  (9), 
Study  H)  may  be  writ'  t: 

f 1 **  (If  sin  0/ coo  0m)  JR/J0o  , (1) 

where 

0e  a-  the  angle  which  the  ray  makes  with  the 
horizontal  at  the  source, 

0 *=  the  angle  whica  the  ray  makes  with  the 
horizontal  at  the  receiver,  nod 

X * the  horizontal  distance  from  th  source  to 
the  receiver. 

it  is  customary  to  brecifc  the  *’iocity- depth  curve 
into  layers  of  constant  gradient,  wd  then 
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#1  aid  0i  4.  j arc  Ac  aaglea  aale  by  Ac  ray  afaa 
catctAf  and  itatiaj  Ac 

TWa,  at  aay  point  after  Ac  vertex: 


afar  by  A*  a*«- af  a vada.  ohaalaad  ft-a  r I*  L 
fdh-fag  aoAtAaabfr  gtcaa  Aady  A 

«*b.  (dfc /Ad*/2  fd>ft/**l*  , (7) 

what*  * ia  cm  f,  aalb.  A Ac  a—  a— Aw  — A* 
aaaaca.  /(n)  A ytw  A Saar"  It 

Ibe  MraAca  rppiain  A 84.  (7)  wars  caaa- 
fatal  layar  by  Ayar  aa  Mtomac 


*(A*  - - fr./*,  caa>  *,){!/* A #,  - E/aA  ,) 

«-(l/efa#.HA/e»0>> 
by/br  - -(Icjg,  cotz*  $m)  fl/aim  0^) 

--(1/*H0J  {+JM&  (•) 


dX/49.  - (A„/d9.) 

+[  2>Ar/a».>  - 23  (*✓*.)] . (f) 

» *+» 


TW  v - I and  *4-1  refer  to  Ac  layer*  jast  before 
mod  after  Ac  vertex  Ayer,  teq>cctively,  Vbca  Ac 
aa—  of  Ae  tenaa  Aside  Ae  bracket*  of  £q.  (6)  be- 
CMaea  equal  to  Jr0/JO0  A Magnitude,  Aca  JR/  J60 
vaoiAea  (since  all  Ae  JtjJ09  tern*  have  Ae  op- 
posite alga  from  JrJJfiJ  a ad  a caustic  la  reached. 
However,  a second  derivative  eclats  on less  it  la 


also  a cusp,  ia  which  case  the  third  derivative 
would  be  required. 

The  corrected  intensity  iu  the  vicir-ity  of  a 
caustic  is  obtained  by  multiplying  the  ray  inten- 
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dVgfAr*  m (c ,/f  1 e»s*  fa) 
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J^rJJx’i  n (e./f 4,  co*J  0.) 

x (1/aAJ  0.  - 3/ sin  0r)„  (P) 

for  purposes  of  illustrating  the  aethod  whilch 
waa  used  to  compute  phase,  two  rnyti  which  reflect 
from  Ae  Attorn  will  b*  considered  with  Ae  source 
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Tl|,  I - CiwiA?  far  Two  BsNa»!hR«c<*J  Ray* 

sad  the  wcfiw  at  the  ia«t  depth  (see  Fi|.  2). 
The  Method  applies.  Inarm,  to  taps  with  taming 
paints  and  to  caaea  when  the  aowet  and  the  re- 
ceiver are  at  different  depths. 

Aaaa mt  that  (he  range  and  its  derivatives  with 
respect  to  0r  have  been  calc  si  a ted  far  the  0al  de- 
gree ray.  The  pro  blew  is  to  find  the  travel-thae 
difference  and,  hence,  the  phase  difference  between 
the  rays. 

Ore  Mi  the  travel-time  differences  into  two 
pacts,  oae  part  being  the  date  taken  by  the  0al  de- 
gree my  to  traverse  the  layer  above  the  soarce  and 
the  other  being  the  difference  ia  travel  liar  be- 
tween the  two  tays  ia  the  layers  below  the  soarce 
and  4m  receiver. 


r«.r  ti  ' • •<*''*> 

(M) 

f|(Aff)*/2)  W*T/dff*>  *.... 

where 

47T/4*X  - -<ria  OJcJ  (40/44)  . 

Eqaatira  ( 14)  is  the  difference  ia  travel  daw  be- 
tween the  two  rays  ia  the  layers  below  the  soarce 
and  (he  receiver,  sad  this  is  aa  increase  far  the 
da , degree  ray  over  the  d( , degree  my  since 
dr/d K is  always  positive,  fa  the  layer  above  the 
receiver  there  is  an  increase  ia  travel  time  for  At 
0*1  degree  tay  over  the  0V]  degree  ray.  Urns,  the 
total  difference  in  travel  daw  ice 

TwO't-tTO'i  - Te0,»-  at, 

where  T*d0 , *•  *•**  travel  time  far  the  fl0 , degree 
ray  ia  the  layer  above  the  soarce. 

It  wes  fooad  that  for  most  cases  4m  first  sera 
of  the  tpawios  was  snfficiest  and  that  ia  4m 
layers  below  ibe'sowree  and  the  receiver,  the  t» 
pres  sics 

AR(c°s0J/c#> 
wes  ns  sally  arenrate. 

Figwre  3 shows  theoretical  plots  of  Tending 
loos  versos  range  for  sigaols  reflected  once  fcss 
the  hotter*  and  for  those  reflected  twice.  The 
carves  ate  Loscd  on  intensities  compared  by  waiag 
the  fnrwlas  gives  above  wf  the  velocity-depth 
stroctore  which  existed  at  the  dae  the  me  as  ate 


> -£  cod  d.Kvhi  Of  - sfat  0,  + |)  * ( W) 

r -So/g,) 

x (tuabr  I sin  0,  - latahr  • sis  0t  + a) , (II) 

dr/d*  - (dr/40 J (4$  J*R)  - cos  0Jr.m  . (12) 

Eipoad  T la  a Taylor  series  as  a inaction  of  K 
(below  At  receiver). 


T0,  , - T0# , + «0C  , - *0, ,)  (dr/dR) 

+ <*09a  ~ *00 ,*Vz  (4*T/4K2)  + . . . , 
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Flj.  3 • Tboorotlcol  Spr»sdln»-Losn  Cvrvss 
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Fl|.  4 * Sound- Velocity— Due  *h  Pn*ll» 

Mats  «m  atdt.  Hk  Klocitfdipik  profile  lor 
these  octtwranRi  is  shown  in  Fig.  4.  IV  sta- 
tion was  mmAt  st  75“  north  latitude  isl  91*  east 
longitude  daring  July. 

la  a homogeneous  Medium  the  two  carves  woald 
approach  a slope  of  t db  per  distance  doubled  as 
the  slant  range  approached  the  borimatal  range, 
floweret,  far  the  station  under  consideration  sad 
lot  oust  deep-water  locations  there  is  consid- 
er aMe  enrracure  for  rays  which  make  email  angles 
with  the  bottom.  As  n result  of  this  curvature,,  the 


Flj.  S - Sprasilrf)  Loss  for  »ho  Combined  Four  Signal 
Paths  Reflected  Ones  from  tho  Bottom  lor 
a Frequency  of  250  cps 


rate  of  spreading  loss  is  greater  than  6 At  at  the 
ioager  ranges.  Fur  each  of  these  orders  of  bottom 
reflection,  as  well  as  far  ail  higher  orders,  theta 
are  fore  ptths  by  which  s signal  caa  reach  a re- 
ceiver (see  Fig.  5).  For  most  of  the  tea  bands  Ira 
which  the  siren  spectrum  was  resolved,  the  attar 
signals  could  be  combined  simply  by  mot ti plying 
the  intensity  for  one  path  by  fear.  At  the  lower  fre- 
quencies, however,  the  rate  of  change  of  phut 
with  range  was  slow  enough  so  that  if  phase  were 
neglected,  significant  ergots  in  the  tfcesrctkal 
carve  would  resale.  The  plot  shown  in  Fig.  5 com- 
hisit  the  fear  indicated  paths  lor  a frequency  of 
250  cps,  which  is  the  fundamental  frequency  of  the 
siren  used  in  the  aseasurements.  The  source  sad 
the  receiver  are  at  depths  of  50  feet,  sad  the  setter 
depth  is  9000  feet.  Figure  6 presents  a similar  plot 
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FI*,  ft  - Ss-nmHna  Ls»s  for  rfw  Combined  Fnur  Siyuni 
Paths  Reflected  Ones  has*  A*  Pattern  for 
o Fmquswcy  vf  1290  cps 

lor  the  fifth  harmonic  of  the  siren.  Drrmtr  ef  the 
proximity  of  the  peaks  at  this  frequency  sad  because 
there  »,  (wo  or  mote  harmonics  in  the  pass  band 
ef  all  the  fit  u.  used  in  processing  the  data  above 
the  third  harmonic,  phase  above  (bis  frequency  wns 
neglected. 

Ytvr  next  step  in  the  analysis  was  the  construc- 
tion of  a theoretical  curve  which  indicated  loss 
versus  range.  The  computations  for  this  purpose 
included  absorption  and  spreading  for  each  of  the 
tea  frequency  bands.4  When  the  spreading  loss 


4 Absorption  was  computed  from  Leonard's  formula 
sad  by  using  the  new  constants  which  are  presented  by 
H,  Wysor  Mr  r»b,  Jr.,  and  Morris  Scbnlkio  iu  Study  A of 
diis  report. 
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mi  ibuqitioii  had  bee*  established  u functioas 
oi  range,  the  theoretical  plwi  far  a i puis  reflected 
smcel— sitbe  b»KJa  were  i-oapaitd  wick  the  asras- 
K *4  propagation  plot  a at  abat  range  a where  tpread- 
k|  predicted  that  these  cigaala  would  be  aNck 
"•V  those  of  higher-order  reflection.  A 
voioiiiet  carve  of  bias  pet  reflection  versus  angle 
sfieflecbua  atrbe  boom  «*us  tbea  coast? acted  for 
each  of  the  tea  fervency  hands  aad  extrapolated 
to  bsclade  angles  fro-  15*  to  00*.  Soase  of  these 
corves  ase  shown  is  Fig.  7 aad  indicate  that  the 
reflection  loss  increases  with  frequency  asd  angle 
*f  reflection.  The  suh-  range  osed  ia  deter- 
atiaiag  the  corves  was  10  kyd,  which  corresponded 
to  n ref  lectio*  angle  dJO'far  this  senefoo.  Valot-s 
fas  these  carves  sttc  osed  to  correct  signals  of 
higher  order  horse—  reflection,  and  the  various 
orders  were  combined.  The  end  resale  was  s pre- 
dicted curve  which  included  sfveadisg,  absorptive, 
aad  boundary  loan  for  each  freqocacy  1— ad. 

Is  order  to  check  these  re— Its,  the  predicted 
carves  of  level  versos  range  weve  co— pared  with 
the  observed  oiorj  with  the  view  that  say  large 
error  ia  bottom -reflecticu  loss  would  show  ap  be- 
yond the  10-k  J range,  the  ssii—s  range  used  is 
determining  the  curves  ia  Fig.  6.  The  agreement 
hetwceo  the  predicted  asd  observed  levels  was 
good  except  for  the  25C-cps  plot.  This  plot  indi- 
cated that  the  bortoss-reflecdoa  ions  is  not  re  no 
for  angles  of  less  dun  37°  (see  Fig.  83-  Is  Fig.  B 
the  solid  curve  is  tke  predicted  one.  It  is  evident 
ho—  Fig.  7 that  tre  decrease  is.  observed  si goal 
is  more  rapid  tbac  that  expected  if  the  loss  were 
xero  for  graxiag  angles  of  less  than  37*.  Points 
beyond  26  kyd  have  been  omitted  because  focused 
rays  which  do  not  reflect  fro—  the  bottom  —ire  ia 
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this  region.  A s— pic  of  the  good  agreement  — 
other  fretpseacies  is  shewn  in  Fig.  9,  which  is  s 
plot  ut  measured  acoustic- pressure  level  versus 
mage  far  tke  frequency  band  it on  4060  to  3009 
cps.  The  month  curve  is  the  one  predicted  on  the 
basis  of  the  bottoawreflecttaa  losses  shnui  In 
Fig.  7. 

Two  focus  regions,  one  at  s mage  of  30  kyd 
aad  one  at  a range  of  60  kyd,  were  obaeeved  he 
sag  this  st— ion.  These  were  caused  by  rays  with 
initial  scarce  angles  of  leas  chan  approximate! y 
12*  which  we—  through  turning  points  at  depths 
between  6000  aad  9000  feet.  As  a resale,  fear  caus- 
tics were  farmed  st  shallow  depths  ia  kith  focus 
regions;  each  caustic  was  associated  with  sac  of 
the  four  possible  paths.  Decease  of  the  rapid  con- 
vergence of  the  rays  ia  the  caustic  region  aad  the 
sabseqaest  interference  between  neighboring  rays, 
it  wan  accessary  to  correct  the  levels  based  aa 
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„y  geometry  for  diffraction  This  correction  »»* 
accomplished  by  using  the  formulas  *lw«  pce- 
riawty. 

Figure  1,  which  Is  • graph  of  the  correction 
factor  for  diffraction,  predict*  that  the  auiaa* 
intensity  doe*  not  occur  at  the  caustic  where  the 
first  derivative  r*ni*be*  bat  at  some  nearby  poiat, 
the  position  of  which  i*  dependent  on  frequency. 
Tfri*  fact  is  ia  agreement  with  the  findings  of  Airy. 
By  mesas  of  these  corrections  and  by  application 
of  absorption  loss,  a theoretical  carve  for  miaiMm 
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propagation  loan  versus  frequency  for  each  focus 
region  was  dfrawa. 

The  carve  for  the  first  focus  regies  sear  30 
kyd  is  show*  ia  Fig.  10.  This  carve  indicates  a 
aiiaiaaaa  loss  of  approximately  62dbat  a frequency 
of  1300  cps  which  is  caased  by  less  i Mease  fs- 
casing  at  the  lower  frequencies  sad  higher  abeotp 
don  at  the  upper  frequencies.  Since  the  ambient 
level  is  lower  sad  the  bottom- re  fleeted  field  drops 
to  the  atkbieat  more  quickly  at  higher  frequencies, 
there  is  a a argument  for  choosing  one  of  the  higher 
frequencies  when  attempting  to  observe  the  focus- 
ing phenomenon. 

The  predicted  sad  observed  propagation  losses 
for  the  second  focus  region  near  63  kyd  are  shows 
ia  Fig.  11-  Although  some  scatter  is  apparent, 
there  is  good  general  agreement  between  the  pre- 
dicted and  observed  v sines.  The  peak  of  the  the- 
oretical carve  appears  at  approximately  1000  cps 
as  apposed  to  1300  cps  in  Fig.  10.  This  fact  in- 
dicates that  as  the  range  to  the  focus  region  in- 
creases, absorption  will  cause  the  optimum  locus 
to  shift  toward  increasingly  lower  freqneacie*.  The 
scatter  ia  Figs.  10  sad  II  may  well  be  an  error  ia 
source  level. 

In  conclusion,  the  complete  intensity  profile 
for  one  of  the  AMOS  low-freqneacy  aoisemafcer  mas 
has  been  cal  caisted  according  to  the  oceanographic 
picture,  it  has  bee*  possible  to  calculate  the  peak 
intensity  ia  the  focus-  region  withia  a few  decibels 
of  the  observed  intensity.  Bottom-reflection  losses 
have  been  obtained  as  a function  of  the  angle  of 
reflection  at  the  bottom.  It  remains  now  to  check 
whether  the  behavior  of  other  AMOS  stations  is 
siaular  to  the  behavior  of  the  station  discussed  la 
this  paper.  Future  plans  also  include  a compari- 
son of  the  bottom-reflecdio*  losses  for  each  sta- 
tion with  bottom  cores  sad  seismic  profiles  made 
during  the  smssuremeats. 
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